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Summary 
Glycans are one of the most complex biomolecules and are used in nature for various tasks from cell-
cell adhesions and communication to invasion or pathogenic processes. The most important term in 
protein-glycan interaction is the “multivalent effect”. This describes the boost in avidity as soon as the 
number of presented glycans in close proximity to each other is increased. In this work, we aimed for 
the design and evaluation of multivalent scaffolds based on polymers for the specific recognition by 
lectins. Two major approaches have been taken: 1) Glycopolymers on solid supports: With chemo-
enzymatic synthesis routes we produced immobilized, highly multivalent glycopolymer brushes 
presenting various glycans based on N-acetyllactosamine (LacNAc) on surfaces like silicon or even 
gold. Glycosyltransferases β4GalT-1, β3GlcNAcT, and α3GalT were utilized in biocatalytic cascade 
reactions to build-up complex glycans on the surface. These surfaces were evaluated with various lectins 
from plants (GS-II, ECL, WGA) and human galectin-3 and proved to be outstanding in means of avidity 
combined with good anti-fouling properties. We designed biosensors covered with glycopolymer 
brushes. With electrochemical impedance spectroscopy (EIS) as well as localized surface plasmon 
resonance spectroscopy (LSPR) we followed the binding of lectins in up to two dimensions. 
Furthermore, we produced a gradient in brush length on silicon surfaces. Binding profiles for various 
lectins on different brush lengths were determined. This revealed interesting binding-profile-function 
relationships and was unique for each lectin. 2) Glycopolymers in solution: We developed block 
copolymers with a glycopolymer block based on hydroxyethylmethacrylate (HEMA) linked to N-
acetylglucosamine (GlcNAc). The structures formed micelles in water and we proved strong binding of 
lectins (GS-II) to the sugar shell as well as the possibility of capturing hydrophobic dyes (Nile Red) 
within these nano-containers. Finally, the scavenging of bacterial enterotoxins with glyco-functionalized 
microgels was investigated within this work. Tri-saccharide known as Galili-structure 
(Galα1,3Galβ1,4GlcNAcβ-) was incorporated into the biocompatible polyethyleneoxide based gel and 
for the first time flow cytometry was used for determination of enterotoxin binding to the functionalized 
microgels. We evaluated gels loaded with LacNAc and Galili-structure and found strong binding of 
toxin TcdA receptor binding domain from Clostridium difficile to Galili-functionalized gels.  
In this interdisciplinary work, various multivalent scaffolds for specific lectin binding were designed, 
produced and evaluated with various analytical and bioanalytical methods. Possible applications range 
from deep and quantitative characterization of lectins to biomedical use and glyco-medicine. The 
complexity of glycans and their interactions with proteins force the combination of different disciplines 
from biotechnology, chemistry, to engineering and medicine to fulfill the needs of sophisticated novel 
sugar-based materials. 
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Zusammenfassung 
Glykane gehören zu den komplexesten Biomolekülen und sind in der Natur für verschiedene Aufgaben 
von Zell-Zell-Adhäsionen und Kommunikation bis hin zur Invasion von Pathogenen verantwortlich. 
Der wichtigste Begriff bei Protein-Glykan-Interaktionen ist der "multivalente Effekt". Dieser beschreibt 
die Erhöhung in der Affinität, sobald die Anzahl der präsentierten Glykane in unmittelbarer Nähe 
zueinander erhöht wird. In dieser Arbeit war die Entwicklung und Evaluation von neuartigen Zucker-
Gerüsten auf Basis von Polymeren für die spezifische Erkennung durch Lektinen unser Ziel. Hierfür 
wurden zwei Hauptansätze verfolgt: 1) Glykopolymere auf festen Trägern: Mit Hilfe von chemo-
enzymatischen Synthesewegen wurden immobilisierte, multivalente Glykopolymer-Bürsten produziert, 
die verschiedene Glykane auf Basis von N-Acetyllaktosamin (LacNAc) auf Oberflächen wie Silizium 
oder Gold präsentieren. Die Glykosyltransferasen β4GalT-1, β3GlcNAcT und α3GalT wurden in 
biokatalytischen Kaskadenreaktionen genutzt, um auf der Oberfläche komplexer Glykane kontrolliert 
aufzubauen. Diese Oberflächen wurden mit verschiedenen Lektinen aus Pflanzen (GS-II, ECL, WGA) 
und humanem Galectin-3 untersucht. Die beschichteten Oberflächen erwiesen sich als hoch spezifisch 
in Kombination mit guten anti-adsorptiven Eigenschaften. Biosensoren wurden entwickelt, die mit 
Glykopolymer-Bürsten als funktionelle Oberfläche beschichtet sind. Mit elektrochemischer 
Impedanzspektroskopie (EIS) sowie lokalisierter Oberflächenplasmonresonanz-Spektroskopie (LSPR) 
wurde die Bindung von Lektinen verfolgt. Des Weiteren synthetisierten wir Siliziumoberflächen mit 
graduellen Bürstenlängen. Die erhaltenen Bindungsprofil-Funktions-Beziehungen waren spezifisch für 
jedes Lektin. 2) Glykopolymere in Lösung: Wir entwickelten ein doppelhydrophiles Blockcopolymer, 
das einen Glykopolymerblock aufweist. Als Grundlage diente Hydroxyethylmethacrylat (HEMA) und 
an HEMA gekoppeltes N-Acetylglukosamin (GlcNAc). Diese Polymere bildeten in Wasser Mizellen 
und es konnten eine starke Bindung von Lektinen (GS-II) an die Zuckerkorona sowie die Möglichkeit 
der Aufnahme von hydrophoben Farbstoffen (Nile Red) nachgewiesen werden. Schließlich wurde in 
dieser Arbeit das Abfangen von bakteriellen Enterotoxinen mit glykofunktionalisierten Mikrogelen 
untersucht. Ein Trisaccharid bekannt als Galili-Struktur (Galα1,3Galβ1,4GlcNAcβ-) wurde in das 
biokompatible Gel einpolymerisiert und erstmals Durchflusszytometrie zur Bestimmung der 
Enterotoxin-Bindung an Mikrogele eingesetzt. Wir beobachteten eine starke Bindung von Toxin TcdA 
Rezeptorbindungsdomäne von Clostridium difficile an Galili-funktionalisierte Gele.  
In dieser interdisziplinären Arbeit konnten verschiedene multivalente Gerüste für spezifische Lektin-
Bindung entworfen, hergestellt und mit analytischen und bioanalytischen Verfahren bewertet werden. 
Mögliche Anwendungen reichen von der Lektin-Charakterisierung bis zum biomedizinischen 
Gebrauch. Die Komplexität der Glykane und ihre Wechselwirkungen mit Proteinen bedingen die 
Kombination verschiedener Disziplinen aus Biotechnologie, Chemie, den Ingenieurwissenschaften und 
Medizin, um die Bedürfnisse an neuen glykobasierten Materialien zu erfüllen. 
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Chapter 1: Introduction 
Coding and decoding of information, sharing of information and transferring information from 
one location to another is the basis of interactions at all levels: from molecules up to organisms. 
The understanding of interactions on a biomolecular level is crucial for novel therapeutic 
approaches in biomedicine as well as for research towards bioinspired materials. In fact the 
complex ways of information exchange in biological systems fructifies the development of 
novelties in a wide range of disciplines. The most known coding-decoding interplay in 
biological context is surely the template driven synthesis of proteins hardcoded on DNA: Four 
nucleobases code as triplets for about 20 conventional amino acids. This leads not only to 
intriguing complex peptides and proteins consisting of hundreds to thousands of amino acids, 
but bears also absolute sequence precision even at this high amount of building blocks. Until 
today it is challenging, virtually impossible to achieve such a high precision with synthetic 
methods. Knowledge of the processes during transcription of DNA and translation of RNA was 
the starting point for an all new level in biological research, starting the field of genomics and 
later on proteomics, which is basically the decoding of information relying in protein abundance 
and function. However, as well known as coding in means of DNA and proteins is, there is 
indeed an even more complex biological system for information coding present. DNA and 
proteins are based on phosphodiester bonds or peptide bonds, respectively, two molecules may 
be linked to each other only in just two different ways, limiting the possible combinations. For 
the large biomolecules class of glycans this is not the case. Here, multiple linkages between two 
sugar units are possible, raising the coding capacity in orders of magnitude. It is not surprising 
that multiple biological actions are mediated by carefully modulated glycan interactions with 
their corresponding recognizing and binding proteins. They are involved in various ways of cell 
communication, cell adhesion and cell recognition processes. Alteration of glycosylation, is 
characteristic for cell-state changes, like in cancer progression. Glycans define blood groups, 
glycans are used by viruses and pathogens for invasion. In summary, glycans are involved in a 
vast number of fundamental biological processes. Research on glycans and their interplay with 
proteins is of high interest for biomedical and biomaterial research, due to their unique chemical 
characteristics. In this chapter the intriguing complex biochemistry of glycan in cells will be 
introduced. Next, enzymes the encoders of the glycan code, that are crucial for producing 
glycans in vivo and in vitro will be mentioned. By having a deeper look at lectins, which are 
the decoding proteins of the glycans, the way to glyco-biomaterials is paved. Here, the question 
shall be answered, how synthetic materials may be designed to provide functionality towards 
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glycans and lectins. Finally, the aim of this thesis will be stated, combining the knowledge about 
glycan structure and functionality, with the biocatalytic processes to produce them and polymer 
chemistry to achieve functional glyco-materials for investigating this fascinating class of 
biomolecules. 
 
1.1 Carbohydrates: High level information coding 
Glycosylation of proteins is acknowledged as the major post- and co-translational modification 
of proteins. Various glycosylation patterns of proteins enlarge the transcriptome dramatically 
and lead to an order of magnitude larger proteome. Although about 50 % of all mammalian 
proteins are glycosylated, other glycosylated structures like glycolipids or glycosaminoglycans 
(GAGs) are also abundant forms of glycosylated structures.[1-4] It is estimated that about 2 % of 
the whole human genome codes solely for enzymes involved in the synthesis or modification 
of glycans.[5] The high coding capacity of glycans relies on the presence of multiple functional 
groups on one monosaccharide.[6] A simple monosaccharide like glucose (Glc) carries five 
functional OH-groups which are all addressable for modification. In this way there are in theory 
11 different linkages between two Glc moieties possible. In vertebrates nine major 
monosaccharide building blocks have been identified from which most of the abundant glycans 
are consisting of (Figure 1).[7]  
 
Figure 1. The nine major monosaccharide building-blocks in vertebrates. 1: D-Glucose (Glc), 2: D-N-
acetylglucosamine (GlcNAc), 3: D-N-acetylgalactosamine (GalNAc), 4: D-Galactose (Gal), 5: D-
Glucuronicacid (GlcA), 6: D-Mannose (Man), 7: D-Xylose (Xyl), 8: D-Sialic acid, 9: L-Fucose (Fuc). 
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Not only the presence of multiple functional OH-groups triggers glycan dependent actions but 
also the existence of negatively charged monosaccharide units like sialic acid or glucuronic 
acid. N-acetylated monosaccharide may form positively charged amino-sugars addressing the 
other type of charge-interactions. Furthermore, glycans may be modified by sulfation, 
phosphorylation etc. to further increase the diversity. This is especially important for 
interactions where GAGs are involved. Protein glycosylation is crucial for correct folding, 
quality control, targeting of proteins and receptor-ligand interactions in the extracellular matrix 
(ECM) (Figure 2).[8-10]  
 
 
Figure 2. Interactions in the ECM: Crosstalk between two cells is mediated by multiple glycans (green 
arrows) interacting with lectins (light blue). Adhesion to glycosylated ECM-proteins (brown) or to 
GAGs (brown) is also mediated by lectins. Glycan are presented as glycolipids or membrane associated 
glycoproteins (red and yellow).  
Of course glycolipids play an important role in the latter, but here the spot-light remains on 
protein glycosylation. The two most abundant forms of protein glycosylation are N- and O-
glycosylation.[11, 12] N-Glycans and mucin-type O-glycans on glycoproteins represent the 
classical nature's ideals of multivalent scaffolds. These scaffolds bear a high intricacy in 
substrate recognition by glycosyltransferases and reveal the not fully understood coding 
capacities of glycan structures. 
N-glycosylation is among the most abundant glycosylation form of proteins, revealing tightly 
controlled and complex branching processes.[13] N-glycosylation is catalyzed by multi-enzyme 
apparatus residing in the endoplasmic reticulum and Golgi complex and starts with the 
biosynthesis of a branched lipid-linked precursor glycan Glc3Man9GlcNAc2-PP-dolichol – the 
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carrier of a typical core structure of N-glycans. After transfer onto asparagine (Asp) residues of 
the target protein, within the Asn-X-Ser/Thr recognition sequence, the precursor glycan is 
trimmed down to the Man5GlcNAc2-Asn structure. This is the starting point of the biosynthesis 
of branched complex N-glycans by more than six N-acetylglucosaminyltransferases (GnTs).  
 
Figure 3. N-glycan core structure Man5GlcNAc2 (red square) with the preferred branches for various 
GnTs, modified from [14]. 
Each of them shows distinct specificity for a certain mannose residue of a multivalent substrate, 
which is mainly determined by the localization of the mannose branch and the action of 
preceding GnTs (Figure 3).[14]  
The prevalent type of O-glycosylated proteins in mammals are mucin type glycans.[15-17] They 
typically comprise a GalNAcα1-OR pattern attached to a serine (Ser) or threonine (Thr) residue. 
O-Glycosylation is closely associated with diverse biological events like embryonic 
development, cell adhesion processes, cardiovascular risk or even cancer.[16, 18] Thus, studying 
processes and regulation of this type of glycosylation may result in pathways to carbohydrate-
based drugs and vaccines. The enzymes initiating O-glycosylation are polypeptide GalNAc 
transferases (ppGalNAcT).[19-21] The number of human enzymes within this class has been set 
to over 20. All of them show distinct, sometimes overlapping, substrate specificity, which is 
crucial for understanding O-glycosylation and predicting glycosylation sites or disease-
associated alterations. Figure 4 images the complex task of O-glycosylating an artificial 
minimal peptide substrate in vitro. 
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Figure 4. Initial O-glycosylation and follow-up glycosylation of a random peptide with multiple 
glycosylation sites by various ppGalNAcTs, modified from [14]. 
Among the most abundant glycans in vertebrates are structures consisting of or containing the 
disaccharide N-acetyllactosamine (LacNAc).[22-25] LacNAc consists either of Galβ1,4GlcNAc-, 
which is named LacNAc type 2 or the less abundant Galβ1,3GlcNAc- named LacNAc type 1 
(Figure 5).  
 
Figure 5. LacNAc based structures: 10: LacNAc type 1, 11: LacNAc type 2 and 12: sialyl-LeX carried 
by diLacNAc. 
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These structures are forming antenna like epitopes terminating N- and O-glycans and are even 
found in GAGs, which are best described as polymeric saccharides.[26] Single LacNAc type 2 
units or oligo- as well as poly-LacNAc structures are present on glycoproteins or glycolipids.[27, 
28] It acts as ligand by itself or functions as carrier for blood group epitopes and Lewis-blood 
group structures. The ratio of linear (i-antigen) and branched (I-antigen) LacNAc-structures on 
blood cells alters during aging and is therefore a marker for development in humans.[29] In 
general, the presented glycans on cells are strongly dependent on cell-type, developmental state 
of the cell and the organism as well as on pathological changes of cells. The glycosylation 
fingerprint of stem cells is for example very different than from differentiated cells, with high 
amounts of sialyl-LeX structures.[30] The same stands for cancer cells, where alteration of 
surface glycosylation is necessary to induce cell motility during metastasis.[31] The retraction 
of organs may also rely on wrong glycosylation on the donor organ.[32] This is found for 
example for the Galili-epitope (xenoantigen I), Galα1,3Galβ1,4GlcNAc- which is expressed on 
porcine cells and differs from human blood group B by only one fucose-residue (Figure 6).  
 
Figure 6. The galili-epitope (13) and its similarity to blood group B (14). Little changes in glycosylation 
have great effects.  
Human IgM and IgG antibodies recognize this structure 13 and initiate immune response, which 
hampers the present use of xenotransplantation. The most important modulations of the glycan 
code, which has a great impact on biomolecular interactions, sialylation and fucosylation have 
to be mentioned. Sialylation controls e.g. serum half-life, and clearance from serum, as well as 
the physical, chemical and immunogenic properties of the respective glycoprotein.[33] The 
transfer of sialic acid introduces a negative charge at the terminus of the glycan and may alter 
affinity of certain lectins like galectins.[34] Fucosylation was found to be upregulated in cancer 
cells and is important for development of the colonic microflora during early stages of life and 
pathogen inactivation. Many fucosylated glycans are additionally found on human milk 
oligosaccharides.[35, 36]  
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Concluding, the nine monosaccharides building-blocks in vertebrates may form multiple 
linkages, being the foundation of the coding capacity of sugars. The glycome changes 
depending on developmental state, cell-cycle and triggered by diseases. Glycans are involved 
in immune response and play important roles in adhesion, signal transduction and 
communication processes. Small changes in glycosylation may have high impact on 
biomolecular level. Among the most frequent glycan structures LacNAc is to mention, which 
is an important ligand by itself or acts as carrier for complex epitopes. All glycan structures are 
synthesized by a carefully conducted concert of multiple enzymes. The transfer of the 
biocatalytic in vivo cascades to in vitro applications remains a challenging task. But the use of 
specialized enzymes as encoders of the glycan information is essential for applications and 
production of complex glyco-materials. 
 
1.2 The encoders: Enzymes for glycan synthesis and modification 
The synthesis of glycans and the presence of certain glycans is controlled by the expression 
level of enzymes synthesizing sugar-structures.[37] The glycan code is not hardcoded on DNA 
but solely relies on the substrate specificity of certain enzymes and the expression levels of 
them. The working horses of glycan synthesis are glycosyltransferases (GTs), which are 
distinguished in Leloir and Non-Leloir GTs.[38, 39] There are about 97 families with more than 
200,000 members of these enzyme classified so far, which makes it the second largest one 
within the carbohydrate active enzyme database (CAZy-database, http://www.cazy.org). GTs 
generally utilize activated sugar donor-substrates and transfer the glycan-moiety of it onto an 
acceptor substrate, which comprises another sugar, a protein, a lipid, or another molecule 
forming a glycosidic bond.[40, 41] Non-Leloir enzymes utilize polyprenol pyrophosphates, 
polyprenol phosphates, sugar-1-phosphates, sugar-1-pyrophosphates, or sucrose.[42, 43] Because 
of the difficulty in providing the donor-substrates these enzymes have generally rather low 
impact on industrial biotechnological processes unless they utilize sucrose as activated 
substrate.[44] Another example is potato phosphorylase as Glc-1-phosphate utilizing enzyme, 
which is useful for creating oligo-maltose structures used for surface covering.[45] This enzyme 
needs a short oligo-saccharide of at least three Glc-residues as acceptor substrate (Scheme 1), 
but is capable of reaching polymerization degrees of more than 100 in reasonable time.  
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Scheme 1. Synthesis of oligo-maltose with the non-leloir GT potato phosphorylase. 
As indicated above Leloir-GTs utilize sugar mono- or diphosphonucleotides, which are 
although rather expensive readily available or may be synthesized in situ by cascade reactions 
involving other enzymes.[46] Leloir-GTs are widely used for in vitro glycosylation of aglycons, 
forming glycoconjugates, or for elongation of glycans. This class of enzymes shows two 
different kinds of folds. The GT-A fold involves mostly a DXD motif for coordination of a 
divalent metal-cation, which is necessary for coordination of the activated donor substrate.[47] 
These GTs show in general some tolerance of different metals, but are absolutely inactive in 
the absence of a suitable metal, as the binding of the donor substrate is not possible anymore. 
GT-A folded enzymes consist of two different domains with one Rossmann-fold, whereas one 
domain is responsible for metal coordination and donor binding, and the other takes part in 
acceptor binding. GT-B folded enzymes consist of two similar domains with two Rossmann-
folds (Figure 8).[48] 
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A 
 
B 
 
Figure 8. A): GT-A fold enzyme (PDB No. 1FR8) with two dissimilar domains including one 
Rossmann-fold. B): GT-B fold enzyme (PDB No. 1BGU) with two distinct domains each one containing 
a Rossmann-fold.[49, 50]  
They are metal independent and use positively charged side chains and/or hydroxyls and helix 
dipoles for binding of the donor substrate.  
In general, two reaction mechanisms are know: retaining GTs and inverting GTs. With inverting 
GTs a change of conformation regarding the anomeric C-atom of the transferred sugar is 
observed. They follow a single displacement mechanism where the acceptor performs a 
nucleophilic attack at carbon C-1 of the sugar donor facilitated by an enzyme general base 
catalyst. The reaction is SNII-like with inversion of conformation and mostly depending on 
divalent metal-ions (Scheme 2A).[38]  
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Scheme 2. Mechanisms of inverting and retaining GTs. A): General mechanism of metal-ion dependent 
inverting GTs, with an oxocarbeniumion-like transition state. B): Proposed Koshland-type mechanism 
of retaining GTs with a covalent enzyme-substrate complex as intermediate. C): SNi-like mechanism of 
retaining GTs, without involvement of an enzymic base.[38, 48] 
With retaining GTs, in contrast, no configurational change of the anomeric C-atom of the donor 
substrate is observed. An ongoing dispute is taking place in the mechanism of the reaction.[51, 
52] Nowadays, mostly two possible mechanisms are considered: First a Koshland-type 
mechanism, where an enzymic nucleophile reacts with the glycosyl donor to generate a covalent 
bond between sugar and enzyme with inversion of stereochemistry. This is followed by reaction 
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with the acceptor substrate and a second inversion of stereochemistry (Scheme 2B). More 
common, a SNi process is stated (Scheme 2C). Here, the leaving group of the donor departs and 
the nucleophile attacks from the same face, with sterical blocking of the other donor site by the 
enzyme. It remains unclear if this actions take place stepwise or concerted. However, some 
oxocarbenium-intermediate has been trapped, indicating the stepwise reaction.  
In enzymatic cascade reactions GTs have been widely used for the synthesis of glycoconjugates. 
One-pot syntheses of oligo-LacNAc-structures were accomplished successfully by recombinant 
glycosyltransferases from human and bacterial origin with various glycoconjugates as acceptor 
substrates (Scheme 3).[23, 27, 28] In comparison to chemical synthesis of glycans, enzymes allow 
to circumvent time-consuming protection and deprotection steps and give rather high 
conversion and yields.  
 
 
Scheme 3. One-pot synthesis of oligo-LacNAc utilizing two recombinant glycosyltransferases.[27]  
The challenge of biocatalytic reactions is the difficulty in expression and finding suitable 
enzymes. GTs are themselves often prone to posttranslational modification crucial for activity. 
However, GTs have narrow enough substrate and reaction specificity to be of high interest for 
specific glycan synthesis, but also satisfying substrate promiscuity to be not to limited in the 
scope of substrates.[53, 54] In this way various successful chemo-enzymatic syntheses have been 
reported including also fucoslyation or sialylation steps and the synthesis of xenoantigen I.[46] 
Ongoing research tackles also the incorporation of nucleotide sugar regeneration or in situ 
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generation thereof into established synthesis modules (Scheme 4).[55-57] This would clearly 
enhance the cost-effectiveness of general synthesis approaches.  
 
 
Scheme 4. Enzyme-module system for the synthesis of unsulfated HNK1-epitope utilizing sucrose 
synthase (SuSy) Uridinediphosphate-glucose-dehydrogenase (UGDH), NADH Oxidase (NOX), 
glucuronyltransferase-P (β3GlcAT-P; GT).[55] 
The largest group of CAZy are glycoside hydrolases (GHs) with about 133 families and more 
than 250,000 members. Although quite diverse in structure they share common features 
essential for their catalytic mechanism.[58, 59] Commonly the hydrolysis of the tackled glycosidic 
bond is catalyzed by a general acid (proton donor) and a nucleophile or base within the enzyme. 
Depending on the spatial position of these catalytic residues, hydrolysis occurs via retention or 
inversion of the anomeric configuration. Glycoside hydrolases may be classified as exo- or 
endoglycosidases depending on the catalyzed hydrolysis of terminal sugar-units or hydrolysis 
of a glycosidic bond within the sugar chain. Another classification is carried out - similar to 
GTs - by separating GHs into retaining and inverting enzymes, depending on the change of 
conformation of the anomeric C-atom after hydrolysis.[60] Inverting GHs act via a one step, 
single-displacement mechanism with oxocarbenium ion-like transition state. Here, general acid 
and base catalysis takes place.[61] For retaining GHs a Koshland mechanism similar to GTs is 
proposed as well as mechanisms involving intra-molecular activation steps. [62, 63] In the last ten 
years another mechanism involving NAD+ has been stated for enzymes of two families.[64] 
Although GHs are hydrolyzing enzymes and at the first glance not well suited for the synthesis 
of complex glycans, they are utilized for these kind of syntheses. This is grounded on the fact, 
that a majority of GHs is capable of reverse hydrolysis called transglycosylation (Scheme 5).[65] 
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This reaction occurs under unnatural conditions either with very high substrate concentrations, 
reaction media containing organic solvents, ionic liquids or special donor substrates, which 
yield molecules with poor acceptor capability.[66] Transglycosylases are enzymes that may 
utilize modified substrates, substrates with unusual high concentrations or act in special reaction 
media like ionic liquids with low water content which leads to a preference of 
transglycosylation over hydrolysis.  
 
 
Scheme 5. Kinetically controlled transglycosylation reaction by reverse hydrolysis. Glycosynthases can 
as well be applied, if special needs towards activated donor substrates are fulfilled (glycosyl fluorides, 
azides or oxazolines). 
Transglycoslation is very feasible as it does not need expensive nucleotide donors, but the 
reaction is still hard to control and product hydrolysis is ubiquitous.[67] As the mechanisms of 
GHs are quite well understood, directed mutagenesis of these enzymes to boost the 
transglycosylation capability and simultaneously inhibit product hydrolysis was accomplished 
quite early. In this way glycosynthases have been generated, which are mutant GHs that are 
specialized for transglycosylation.[68-70] Now research on GHs is proceeding to find novel 
enzymes for transglycosylation and to engineer them to glycosynthases for the production of 
highly complex glycans in a quite cost-effective way. However, the utilized donor substrates, 
usually glycosyl-fluorides, are quite unstable, making reaction technology challenging and 
control of product distribution due to low regioselectivity of some glycosidases is necessary 
and strongly depending on the synthesis parameters.  
Concluding, GTs are not only the working horses of glycosylation in vivo but also most 
promising for in vitro synthesis of glycoconjugates. Mostly leloir-transferases are utilized to 
generate high yields of complex glycans in short reactions times. Secondly, GHs may be used 
for transglycosylation or as glycosynthases for generation of glycans independent from 
nucleotide sugar donors. In this way complex glycans in preparative scale are accessible and 
may act as ligands on multivalent substrates for investigating interactions with lectins which 
are the decoders of the glycan code.  
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1.3 The decoders: Lectins as carbohydrate recognizing and binding proteins 
Lectins are a huge class of proteins specifically recognizing and binding glycans.[71, 72] Lectins 
are ubiquitous proteins found in all organisms from viruses and microbes to plants and animals. 
They are defined to have no enzymatic activity and have to be distinguished from glycan 
binding antibodies. Lectins share within a family structural and sequential properties especially 
regarding their conserved carbohydrate recognition domain (CRD). Binding affinities in single-
site interactions are generally considered as low with KD values in the µM range. However, the 
binding affinity is dramatically increased by multivalent presentation of ligands[73, 74] tuning KD 
values to nM range. This aspect of avidity is fundamental for lectins being sensitive to subtle 
changes of the ligand microenvironment. It has been announced that the so called “cluster 
glycoside effect” is essential for lectin binding modulation and generating high avidities.[75-78] 
In nature this is accomplished by intrinsic multivalency like glyco-clustering by branching 
processes, or extrinsic multivalency by glycan assembly e.g. in lipid rafts. The first lectins have 
been discovered in plants, but their functions are still matter of debate.[79-82] Generally, it is 
assumed that they are involved in plant defense and may act as plant-own insecticides, but other 
roles as phytohormones and especially germination control proteins are considered. The latter 
assumption relies on the presence of high lectin concentrations in seeds. Bacterial lectins are 
either related to cell adhesion and colonialization mediated by cell-surface bound adhesins or 
in the soluble case as major part of bacterial enterotoxins.[83-85] Here, large multi-domain 
proteins contain a lectin domain responsibly for binding to the surface receptors of the attacked 
host cell. Examples of this case are shiga toxins from enterohemorrhagic E. coli (EHEC), the 
toxins from Vibrio cholera or TcdA and TcdB from Clostridium difficile (Figure 9). [86, 87] 
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Figure 9. Structure of the C-terminal domain of TcdA binding to galili-structure (PDB No. 2G7C). A 
fragment containing two CRDs is depicted. Curvature, linearity and CRD position are optimized for 
cell-surface binding.[88] 
The lectin function of these toxins may be used for inhibiting toxin invasion by production of 
potent lectin inhibitors. Interestingly, hemagglutinins from viruses are also considered as lectins 
and are crucial for hijacking of cells by viruses like Influenza.[89] Other viruses like HIV may 
hijack lectins from the host organism, thus leading to the same results: binding to the cell 
surface.[90] In animals lectins play various roles,[91, 92] from recognition of endogenous ligands 
as modulator of the immune defense mechanism, to cell-adhesion, glycoprotein quality control 
and protein targeting. Besides the classification by origin lectins sequence homology and 
structural identity are used to announce similar lectins. A large class are Ca2+-dependent lectins 
sharing structural similarity, named C-type lectins.[93] These proteins, although variable in 
glycan ligand recognition, are strictly Calcium dependent in binding. Ca2+ may be either 
involved directly into coordination of the sugar, or be crucial for maintaining an active 
conformation of the lectin. An important class for medical therapy based on glycan-research 
are P-type lectins, which are involved in diseases altering trafficking to endosomes. P-type 
lectins are named as they all recognize mannose-6-phosphate residues.[94] The I-type lectins, 
named as they belong to the immunoglobulin superfamily, are important modulators of immune 
response.[95] A subgroup of the I-type lectins are sialic acid binding lectins “siclecs” which 
gained recently a lot of attention as they play important roles in development of the neuronal 
system and in the immune system.[96] Galectins, formerly known as S-type lectins as it was 
assumed that this group is depending on free thiol groups for stability, are a large class of β-
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galactoside binding proteins.[97, 98] They exist as three different subclasses: prototype, with two 
CRDs directly interacting with each other, tandem repeat, with two CRDs connected by a linker 
peptide and chimeric galectins, with one CRD and an N-terminal free peptide tail (Figure 10).  
 
Figure 10. Structures of galectin families. A) Tandem repeat galectins with galectin-8 (PDB No. 4FQZ) 
as example; B) Prototype galectin, with galectin-1 (PDB No. 1GZW) as representative and C) Chimeric 
galectin, with galectin-3 (PDB No. 1KJL) as example. Galectin-3 is capable of multimer formation in 
the presence of multivalent ligands.[99-101]  
The only member of the chimeric group is galectin-3, which is reported to form multimers by 
interactions of the N-terminal tail in multivalent environment. Galectins are supposed to be the 
most ancient group of lectins and have various functions.[32] Among them are modulation of 
immune response and inflammation as they are expressed by activated T and B cells, regulatory 
T cells, dendritic cells, mast cells, eosinophils, monocytes/macrophages, and neutrophils. 
Moreover, galectin-1 is reported to act anti-inflammatory and the counterpart galectin-3 as pro-
inflammatory. Several galectins have been shown to be involved in control of apoptosis or cell 
surface display of apoptosis markers. This is also closely related to the role of galectins in 
cancer, where immortal cells emerge and especially galectin-3 facilitates metastasis. It has been 
assumed that potent galectin-3 inhibitors may act as anti-metastasis agents.  
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All of these interactions and functions are mediated by specific interactions of lectins with their 
corresponding glycan ligands. The multivalent environment is strongly influencing the binding 
and therefore the functions of lectins. Subtle affinity modulation of the presented glycans may 
lead to very distinct consequences. In that way the same lectin can play opposite roles not 
depending directly on the presented ligand, but also on the way the ligand is displayed: in a 
lipid rafts, on a glycoprotein, on a glycolipid, highly branched, more linear, clustered, single-
sited and so on and so forth. It is very challenging for material science to take all this variables 
into consideration for designing glyco-biomaterials for analysis of lectin binding or functional 
materials tackling lectin-glycan interactions. Some of the efforts to transfer this knowledge to 
build-up highly specific, multivalent, functional glycobiomaterials shall be discussed.  
 
1.4 Functional design of glycobiomaterials 
The design of functional glycobiomaterials relies mostly on knowledge of the glycan code on 
the one hand and the decoding of it by lectins on the other. Additionally, the encoding enzymes 
may be involved to create complex glycans with mostly higher affinity, altered functionality 
and better specificity. In this interdisciplinary field five approaches are taken towards 
multivalent glycomaterials, although it must be clearly stated that synthetic scaffolds are not 
able to reproduce the same multivalency and topology as naturals scaffold would do (Figure 
11).[102] Glycoclusters as first of the five approaches display a rather low number of glycans but 
following a tightly controlled synthesis with a high order and alignment of the ligands. 
Examples of this approach are e.g. glycopeptides that are either enzymatically glycosylated or 
act as starting material for chemical syntheses. These structures were synthesized successfully 
displaying e.g. mannose.[103, 104]  
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Figure 11. Approaches in generation of multivalent glycomaterials. A) glycoclusters, B) 
glycodendrimers, C) glyconanoparticles and E) glycopolymers. 
Other approaches focus on DNA mediated self-assembly of complement DNA strands which 
are chemically glycosylated.[105, 106] This leads to highly ordered arrays for investigating lectin 
binding preferences, also in terms of microenvironment. A third example are glycoclusters 
based on calixarenes, cyclodextrins, small bifunctional linkers or similar scaffolds, which were 
used as limited carrier for multivalent presentation of various glycans (Figure 11A).[107-109] 
Interesting results are gathered with different alignment of glycans in calixarenes, indicating 
the importance of directional display of the ligands, depending on the localization of the 
CRDs.[110-112] The second approach are glycodendrimers, coming closer to polymers (Figure 
11B). These highly branched structures show a higher valency compared to aforementioned 
glycoclusters, but do not achieve the tight control in structure and final product. Synthesis of 
dendrimers still suffers from incomplete conversion and reaction terminations, which is 
increased with the number of dendrimer generations. Nevertheless, glycodendrimers were 
proven to have high potential in fighting of pathogens or toxins by inhibiting interactions with 
cell surfaces.[113] Moreover, drug regulating properties of glycodendrimers were 
investigated.[114] However, there are still challenges regarding the anti-fouling properties of the 
actual backbone. A third approach deals with glyconanoparticles, mostly based on metal 
nanoparticles made from gold, which are functionalized by thiol-modified glycoconjugates 
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(Figure 11C).[115, 116] These materials are very promising due to the cytotoxic effect of 
goldnanoparticles and their unique spectral characteristics. Furthermore, 200 or more ligands 
may be displayed on one particle leading to a very high valency in a small area. Additionally, 
techniques for functionalization of gold are well known and quite established. 
Glycogoldnanoparticles are thought to have applications in inducing cell specific apoptosis in 
cancer therapy.[117] Here, cytotoxicity is utilized in combination with targeting abilities of the 
glycan corona. The optical properties of gold, manifested in their strong absorption band due to 
plasmon excitation may be used directly or via photoacoustics for imaging purposes, again with 
glycans as targeting agent.[118] A rather recent approach utilizes naturally non-glycosylated or 
de-glycosylated proteins as scaffolds for glycan ligands. These neo-glycoproteins have the 
advantage of controlled glycan-display by sophisticated synthesis and the nature-like 
scaffold .[119] It still remains challenging to control and analyze the ligand density on 
neoglycoproteins, but they show promising results in lectin binding and may be elaborated as 
nature-near potent inhibitors in cancer therapy or for biomedical applications in general.[120] 
Normally, chemical bionconjugation of previously synthesized glycans to amino acid side 
chains is used to generate neoglycoproteins. A suitable scaffold protein must be chosen 
carefully to maintain a high ligand density, equal reactivity of the addressed groups and to 
neglect unspecific adhesion between proteins. The final approach to be introduced are 
glycopolymers (Figure 11D).[121, 122] These consist normally of a polymeric backbone with 
pendent glycans attached to it. The attachment may take place prior or post polymerization. For 
the latter synthesis approach a polymerizable glycoconjugate is necessary. Drawbacks of 
glyopolymers are the obligatory size-distribution achieved by polymerization processes and 
potential toxicity of the polymer backbone. However, the high valency that is possible to 
achieve and the large classes of polymers overcome these disadvantages. With modern 
polymerization techniques, especially living radical polymerization can never be 
underestimated, the size-distribution of oligomers may also be kept quite low and reliable 
analysis is possible. There are multiple approaches with soluble glycopolymers engouraging 
the use of these compounds as selective and high affinity ligands or inhibitors of lectins.[123, 124] 
The high binding affinity relies on the actual multivalency and to some extent on the flexibility 
of the polymers in solution. This leads to reorientation of the ligands for optimal binding to the 
addressed lectin. Various methods have been employed to produce glycopolymers.[125, 126] 
Furthermore, different architectures have been synthesized and evaluated for their potency in 
lectin binding like linear polymers which may cluster in solution due to hydrogen-bonding 
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between the random coiled chains.[127, 128] Helical structures, micelles and worm like aggregates 
as well have been identified as high affinity architectures and topologies for lectin 
interaction.[122, 129] Recently, glycopolymer brushes were investigated as surface covering for 
solid state analysis of lectin binding.[130, 131] Polymer brushes in general are known as highly 
stabilizing interphases due to the increased osmotic pressure in the brush regime.[132, 133] With 
hydrophilic brushes anti-fouling or non-fouling properties are observed. Therefore, brushes are 
promising polymeric backbones for applications as biosensors.[134, 135] Together with the control 
over the brush length, brush composition and grafting density they comprise an excellent system 
for tweaking and defining the multivalent presentation mode of glycans. Indeed there have been 
approaches to utilize controlled grafted glycopolymer brushes to investigate topology 
dependent lectin binding.[130, 136] This reveals interesting insight in the lectin-structure-glycan-
alignment relationship to maintain strong interactions.  
In conclusion, glycopolymers combine tunability in means of polymer backbone, reactivity, 
multivalency, solubility, responsiveness and topology with biocompatibility, if the right 
polymer is chosen, to yield an enormous variability in presentation of glycans. Taking all 
together, understanding of the glycan code, usage of the encoding enzymes and analysis of the 
decoding lectins is the biological part of creating glycobiomaterials for bioanalytical and 
biomedical applications. The concerted action of biological function and sophisticated chemical 
synthesis gives rise to understanding the most complex coding machinery in nature, revealing 
new interactions, tasks and functions, leading in the end towards tailored materials for basic 
research, medical diagnosis as well as to advanced glycan based drugs. The sweet code of sugars 
is not yet completely revealed, but we are at the dawn of new functional materials dealing with 
the delicate crosstalk in the highly dynamic system of the glycome.  
 
1.5 Multivalent glycobiomaterials for specific recognition and binding by lectins 
The aim of this work is the synthesis and evaluation of polymer-based multivalent 
glycobiomaterials. These materials are examined for their potency of lectin interactions.  
Glycobiomaterials must fulfill various criteria to be considered as potent scaffold for lectin 
binding: Crucial for strong binding of lectins is multivalent presentation of glycans. As the 
alignment of the presented epitopes has been shown to be important for recognition and binding 
by lectins in literature we aimed for ordered rendering of sugars combined with high flexibility. 
This allows interaction with multiple binding sites of lectins and reorientation of the ligands by 
the protein. Enzymatic synthesis with neo-glycoconjugates on solid supports or in solution is 
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crucial for the production of versatile glycan based materials leading to high complexity of the 
rendered glycan and increased specificity. In this work glycosyltransferases and their reaction 
parameters have been optimized to yield high conversion rates in biocatalytical reactions with 
various glycans. Another important point is the evaluation of the novel material in means of 
specificity towards the desired lectin and the anti-fouling properties if the material, which is 
crucial for diagnostic purposes. We developed assays for controlling the novel 
glycobiomaterials in means of the aforementioned criteria. Generally this work combined 
development and evaluation of polymeric scaffolds, with chemo-enzymatic synthesis for the 
production of glycans to create materials for biomedical and analytical use. For this aim 
recombinant glycosyltransferases and the lectin domain of C. difficile toxin A will be designed, 
cloned and expressed in small scale fermentation processes. Furthermore, lectins will be 
conjugated and labelled specifically to support the evaluation of the designed materials. 
Enzymatic reactions on solid substrates and with neo-glyconjugates will be optimized and 
suitable assays to quantify binding strength and adsorption behavior will be designed.  
The major topics of this work may be divided into the main headings: “Glycopolymers on solid 
supports” and “Glycopolymers in solution”. For the part dealing with glycopolymers on solid 
supports glycopolymers will be synthesized via ATRP in close collaboration with Dr. H. Park 
and Prof. Dr. A. Böker from DWI Leibniz-Insitut für Interaktive Materialien (Aachen, 
Germany). We will use polymer brushes grafted from silicon surfaces and used as substrates 
for enzymatic conversion with GTs leading to ligand-fingerprinting of model lectins from 
plants. This approach is transferred to gold surfaces by changing the initiator to a thiol-modified 
one introducing an impedimetric biosensor developed in close collaboration with J. Lazar and 
Dr. U. Schnakenberg from RWTH Aachen, IWE 1 (Aachen, Germany). With this sensor we 
are capable of analyzing the binding kinetics of lectins to brushes of different length, entering 
the field of controlling the microenvironment for lectin binding. To broaden the scope binding 
processes of toxin A from C. difficile is analyzed with a cost-effective, disposable localized 
surface plasmon resonance biosensor in collaboration with V. H. Nguyen and U. Schnakenberg 
from RWTH Aachen, IWE 1 (Aachen, Germany). Moreover, for the first time a dip-coating 
procedure is applied to synthesize a gradient of brush lengths on a silicon surface. In this way 
a gradual change of multivalent microenvironment is accessible. The surfaces are used for 
enzymatic modification to broaden the scope of presented glycans and ligand fingerprinting of 
lectins is achieved. With spatial resolved analysis a binding profile of four lectins for the 
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different brush lengths is rendered, revealing surprising results on the preferred 
microenvironment of plant lectins and galectins.  
For the part dealing with glycopolymers in solution glycopolymers with different architecture 
are synthesized. Polymers displaying a double-hydrophilic diblock copolymer with a 
glycopolymer block are produced. These structures are shown to from micellar structures in 
water. The micelles render GlcNAc and are proven to interact strongly with lectins. This part 
was carried out in collaboration with S. Walta and Prof. Dr. W. Richtering from RWTH Aachen, 
Institute for Physical Chemistry (Aachen, Germany) and Dr. H. Park and Prof. Dr. A. Böker 
from DWI Leibniz-Insitut für Interaktive Materialien (Aachen, Germany). It is possible to 
utilize this micelles as container for hydrophobic dyes, with glycans as targeting corona. 
Finally, biomedical applications of soluble glycan-functionalized microgels are investigated in 
collaboration with N. Anwar and Dr. A.J.C. Kuehne from DWI Leibniz-Institut für Interaktive 
Materialien (Aachen, Germany) and A. Mandic and Dr. G. Sellge from University Hospital 
Aachen (Aachen, Germany). In this multidisciplinary approach we aim for creating glyco-
functionalized microgels to capture and inhibit specifically toxin A from C. difficile. For the 
first time different glycans are incorporated in biocompatible microgels and their binding ability 
towards various lectins is investigated.  
Concluding, this work deals with the design and application of various systems for creation of 
multivalent scaffolds for lectin binding. Combining polymer chemistry, with biotechnology and 
biomedicine, leading from qualitative ligand-presenting surfaces, to biosensors and biomedical 
applications of glycan-based materials to overcome health burdens in everyday life.   
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Chapter 2: Glycopolymer Brushes for Specific Lectin Binding by 
Controlled Multivalent Presentation of N-acetyllactosamine 
Glycan Oligomers 
 
Parts of this chapter were published in: H. Park, R. R. Rosencrantz, L. Elling, A. Böker, 
Macromolecular Rapid Communications 2015, 36, 45-54. 
 
Abstract  
A novel highly multivalent glycopolymer platform for 
lectin fingerprinting is introduced by combining the 
controlled growth of glycopolymer brushes with highly 
specific glycosylation reactions. Glycopolymer 
brushes, synthetic polymers with attached saccharides, 
are prepared by surface-initiated atom transfer radical 
polymerization (SI-ATRP) of 2-O-(N-acetyl-β-D-
glucosamine)ethyl methacrylate (GlcNAcEMA). Here, 
the fabrication of multivalent glycopolymers consisting of poly(GlcNAcEMA) is reported with 
additional biocatalytic elongation of the glycans directly on the silicon substrate by specific 
recombinant glycosyltransferases. The bioactivity of the surface grafted glycans is investigated 
by fluorescence linked lectin assay and proves the usage as high affinity ligand together with 
outstanding anti-fouling properties. Due to the multivalency of glycan ligands, the 
glycopolymer brushes showed very selective, specific and strong interactions with lectins. The 
multi-arrays of the glycopolymer brushes have a large potential as screening device to define 
optimal binding environments of specific lectins or as new simplified diagnostic tools for the 
detection of cancer-related lectins in blood serum. 
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2.1 Introduction  
Compounds combining synthetic polymers with saccharides as biological functionality are 
known as glycopolymers and are of increasing interest in research.[1-7] Glycopolymers are 
useful for numerous biological, pharmaceutical and biomedical applications, due to their 
excellent biocompatibility and biodegradability.[8-13] Moreover, as the investigation of 
carbohydrate-protein (lectin) interactions is emerging and opening the field of glycomics, 
glycopolymers are among the materials which are thought to be suitable for proving these kinds 
of binding event.[14-18] In general, the effective in vivo control of events mediated by protein-
carbohydrate binding requires sufficient high affinity.[19, 20] However, as glycopolymeric chains 
often form random coil conformation in solution sometimes only low protein binding due to 
hindered ligand-recognition is observed. A promising alternative seems to be growing 
glycopolymer brushes from surfaces as the grafted glycopolymer chains adopt a stretched and 
highly ordered conformation and thus do not overlap.[21-23]  
To date, a wide range of interface stabilizing synthetic surface-grafted glycopolymers has been 
prepared using different techniques. Among them Langmuir-Blodgett[24-26], layer-by-layer 
growth[27-29] or grafting from or onto polymerization.[30-35] For the preparation of densely 
packed polymer brushes on a surface the grafting from approach is particularly attractive. In 
general, combining this method with a controlled or so-called living type of polymerization 
reaction enables high control of polymerization rate and brush length. [36] By precisely 
controlling the brush thickness, composition and architecture, as well as the synthesis of 
tethered block copolymers materials tailored glycopolymers for highest affinity are 
accessible.[37, 38] Although several controlled radical polymerization techniques are known and 
established, atom transfer radical polymerization (ATRP) has become the most popular routes 
for grafting polymer brushes from a surface because of the huge amount of available monomers, 
high tolerance for impurities, and mild polymerization conditions even in semi-aqueous 
conditions.[1, 31, 39] Fabrication of multivalent glycopolymer layers will give new insight into the 
understanding of carbohydrate-protein (lectin) interactions[40] and become crucial for selective 
and specific biomedical applications. Moreover, novel biofunctionalized materials for tissue 
engineering, and diagnostics and therapy based on lectin interactions with their glycan ligands 
may get into reach.[41, 42]  
Glycan structures attached to proteins or lipids cover the surface of eukaryotic cells as 
glycocalyx and carry important information for cell communication events such as cell-cell and 
cell-matrix interactions.[43-45] The coding capacity of glycans is based on their diversity in 
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structure with complex stereo- and regiochemistry. This encodes a vast number of biological 
information.[46-48] Information read-out is realized by lectins, proteins that recognize and bind 
highly specifically to their appropriate glycan-ligands.[49-52] Essential for understanding this 
interactions, is the term multivalency and the so-called “cluster glycoside effect”.[50] While the 
lectin-glycan interplay is of rather weak nature when it comes to only monovalent glycans, the 
binding forces increase dramatically as soon as multivalent ligands are presented. In nature this 
multivalency is reached by multiple glycosylation sites on heavily glycosylated proteins or 
lipids as well as intrinsic by branched glycan-structures.[52] Additionally, not only the actual 
type of glycan is essential for the binding of lectins, but also the microenvironment seems to 
have a high impact on binding forces.[51] Recently, it was shown that the density of multivalent 
glycan structures on a surface influences the binding properties of lectins.[53-56] In this chapter, 
we present a platform of variable multivalent glycopolymers for lectin recognition. In 
cooperation with Dr. Hyunji Park and Prof. Dr. Alexander Böker (DWI Leibniz-Institut für 
Interaktive Materialien) we produced a high-affinity surface by combining the controlled 
growth of glycopolymer brushes with specific glycosylation reactions catalyzed by 
glycosyltransferases. Hence, a novel biomaterial surface-covering tailored for superior lectin 
binding is produced by combination of application directed polymer chemistry and biocatalytic 
cascade reactions.  
 
2.2 Experimental Section 
2.2.1 Materials 
N-Acetyl-D-glucosamine (GlcNAc, 98%) and sodium methoxide (98%) produced by Alfa 
Aesar (Karlsruhe, Germany) have been used. Copper(I) chloride (CuCl, 97%) was purified by 
stirring with acetic acid overnight. After filtration, they were washed with ethanol and ether and 
then dried in vacuum. Copper(II) bromide (CuBr2, 99%), 2,2´-bipyridine (bpy), Ethyl α-
bromoisobutyrate (EBiB, 98%), silver perchlorate monohydrate (99.999%), acetyl chloride and 
silica gel 60 have been purchased from Sigma-Aldrich (Steinheim, Germany) and used as 
received. Celite® 545, silver carbonate (99%), and 2-Hydroxyethyl methacrylate (HEMA, 
97%) were provided by VWR (Darmstadt, Germany). The ATRP initiator 3-
(Trimethoxysilylpropyl)-2-bromo-2-methylpropionate (95%) was received from ABCR 
(Karlsruhe, Germany). All other solvents were purchased from Sigma-Aldrich or VWR and 
used as received unless otherwise noted. Deoxygenation of the solvent and liquid were 
accomplished by bubbling with nitrogen. The materials for enzymatic modification such as 
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MgCl2, MnCl2, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-NaOH buffer 
and α-picoline borane were purchased from Sigma-Aldrich (Steinheim, Germany). Uridine 5’-
diphospho-α-D-galactose (UDP-Gal) and Uridine 5’-diphospho-α-D-N-acteylglucosamine 
(UDP-GlcNAc) were purchased from Carbosynth Limited (Berkshire, UK). 8-aminopyrene-
1,3,6-trisulfonic acid (APTS) was purchased from Beckman Coulter (Krefeld, Germany). 
 
2.2.2 Analytical methods 
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker DPX-400 spectrometer 
at 400 MHz. Deuterated chloroform (CDCl3, 99.8%), deuterated dimethyl sulfoxide (DMSO-
d6) and deuterated water (D2O, 99.9%) were used as solvents. To measure the molecular 
weights and polydispersities of the glycopolymer, samples were diluted up in N,N-
dimethylformamide (DMF), passed over a small plug of alumina to remove catalyst and filtered 
through a 0.2 μm syringe filter. Then gel permeation chromatography was carried out using 
DMF as eluting solvent. A high pressure liquid chromatography pump (Jasco PU-2080-Plus), 
a Jasco 2013-Plus RI detector and four MZ-SD Plus gel columns (50 Å, 100 Å, 1000 Å and 
10.000 Å) were used in series at 30°C with a flow rate of 1.0 ml/min. The molecular weight 
and polydispersity were determined using poly(methyl methacrylate) standards. For the contact 
angle measurement, a water droplet (1 µl) was placed on the surface and its contact angles were 
analyzed using a DSA 100 instrument (Krüss, Hamburg, Germany). Over five different sites 
per sample were selected and tested. The ellipsometry was performed with an OMT instruments 
(MM-SPEL-VIS, Germany) at the angle of incidence 77.5° and a spectral method in the 
wavelength range from 460 to 870 nm. The thickness was determined by the average of at least 
five measurements from different areas of the silicon oxide surface. Atomic force microscopy 
(AFM) was performed with a Dimension Icon microscope from Veeco Instruments Inc./Bruker 
AXS GmbH. All images were taken in tapping mode using OTESPA tips from Veeco 
Instruments Inc. (1 Ω silicon). SEM measurements were performed on a Hitachi S-3000N at 2 
kV and a working distance of 8 mm. For the measurements the samples were not sputtered. 
 
2.2.3 Synthesis of GlcNAcEMA 4 
The acetylated GlcNAc chloride 2 was synthesized from GlcNAc 1 by the use of a similar 
procedure reported in the literature[57] (Scheme 1). For the synthesis of glycomonomer 3, a 
modified König-Knorr reaction was performed according to literature.[57, 58] Compound 3 
(4.8 g, 13.32 mmol) was dissolved in anhydrous methanol. Then sodium methoxide 
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(100 mg/ml) was added and the reaction mixture was stirred at room temperature for 25 min. 
Methanol was evaporated under reduced pressure and then water was added. Glycomonomer 
GlcNAcEMA 4 (2.5 g, 7.50 mmol, 52%) was obtained by lyophilization of the aqueous 
solution. 
 
2.2.4 Deposition of the polymerization initiator 
Silicon (Si) (100) wafer, cut into 1×1 cm2 pieces, was cleaned with absolute toluene and dried 
in a nitrogen stream. After that the surface of wafer was also oxidized for 5 min in air plasma 
(0.2 mbar, 18W, PDC-32 G, Harrick). For the modification of Si wafer, the freshly cleaned 
wafer was directly immersed in a mixture containing 200 µl 3-(trimethoxysilylpropyl)-2-
bromo-2-methylpropionate, 2.1 ml ammonia (29%) and 25 ml ethanol. The reaction was left at 
room temperature overnight and then boiled for 1 h to ensure covalent bonding.[59, 60] The wafer 
was removed from the solution, rinsed repeatedly with toluene, ethanol and milli-Q water and 
dried in a nitrogen stream. 
 
2.2.5 Synthesis of PGlcNAcEMA 5 brushes by SI-ATRP 
The synthesis of PGlcNacEMA 5 is depicted in Scheme 2. The initiator modified wafer was 
placed on the holder of the reactor and then the reactor was purged with nitrogen. 1.1 g (3.15 
mmol) glycomonomer 4 was placed into a reaction flask and stirred in 10 ml methanol/water = 
1/1 (v/v) until the complete dissolution. The solution was degassed with nitrogen for 20 min. 
Then, 25.0 mg (0.25 mmol) copper(I) chloride, 14.1 mg (0.06 mmol) copper(II) bromide and 
98.4 mg (0.63 mmol) 2,2’-bipyridine were added and stirred streaming until a homogeneous 
dark brown solution formed. The reactor was degassed with nitrogen for 20 min and then 
transferred into the flask containing wafer. Soluble free initiator, 9.3 µl (0.06 mmol) EBiB in 
1 ml methanol/water = 1/1 (v/v), was added immediately to the reaction mixture. The 
polymerization was allowed to proceed at room temperature for a defined reaction time. Then 
the wafer was thoroughly rinsed with water and DMF and dried in a nitrogen stream. 
Subsequently, the wafer was extracted with dimethyl sulfoxide overnight and again dried in a 
nitrogen stream. The soluble polymer was collected by passing through a column packed with 
silica and the polymer was precipitated from diethyl ether. 
 
 
 
 
36 
 
2.2.6 Enzymatic synthesis 
β4GalT-1[61] and β3GlcNAcT[62] were expressed recombinantly and purified as described 
previously.[63] The β4GalT-1 was expressed in E.coli Shuffle T7 Express (New England 
Biolabs, Frankfurt am Main, Germany) to enhance the specific activity. For investigating the 
kinetics of the galactosyl-transfer onto GlcNAcEMA 4 a reaction cascade was used as described 
elsewhere.[61] The conversion at different concentrations of 4 was detected photometrically by 
following the NADH-formation. Enzymatic conversions were performed on the Si wafer coated 
with PGEMA. For galactosylation the wafers were incubated at 30°C for 24 h in a solution 
containing 100 mM HEPES-NaOH (pH=7.2), 25 mM KCl, 2.0 mM MnCl2, 6.25 mM UDP-
Gal, 1 U alkaline phosphatase and 200 mU β4GalT-1. The wafers were rinsed with water and 
PBS buffer for several times. Transfer of GlcNAc to galactosylated wafers was performed again 
at 30°C for 24 h. The wafers were submerged in a solution containing 25 mM HEPES-NaOH 
(pH=7.2), 6.25 mM KCl, 0.25 mM DTT, 2.0 mM MgCl2 and 200 mU β3GlcNAcT. Oxidation 
at C6-Position of terminal Gal was performed with a galactose oxidase from Dactylium 
dendroides (Worthington, NJ; US). The wafers were incubated at 22°C for 17 h in a solution of 
25 mM MES-NaOH (pH=6.0), 15.5 U galactose oxidase and 322 U peroxidase (Merck, 
Darmstadt, Germany). After washing with water for several times, reductive amination was 
carried out with APTS (3 µmol) in the presence of α-picoline borane (2 eq.) and acidic acid 
(2 eq.) in methanol for 2 h at 60 °C. After incubation the wafers were cleaned with water and 
PBS buffer for several times. 
 
2.2.7 Fluorescence Linked Lectin Assay 
Lectins from Griffonia simplicifolia (GS-II) and Erythrina cristagalli lectin (ECL) were 
purchased as FITC conjugates from Vector Laboratories (Burlingame, CA, USA). For 
quantitative binding studies the wafers were incubated in 24-well microtiter-plate with 1 mL 
5 % (w/v) BSA for 15 min. After several washing steps with PBS and lectin binding buffer 
(LBP, 10 mM HEPES-NaOH (pH=7.5), 150 mM NaCl, 0.1 mM CaCl2) 20 µg/mL lectin in 
LBP was added and the wafers kept for 30 min at RT in the dark. Finally, the wafers were 
washed with PBS containing 0.05 % (v/v) TWEEN-20 and the fluorescence signal was detected 
using a BioTek Synergy II device. After measurement the wafers were washed with water, 
ethanol, DMSO and acetone. Following drying the next lectin was applied. If the fluorescence 
signals did not reach the minimum threshold, the washing procedures were repeated as often as 
necessary. For binding studies focusing on fluorescence imaging, the wafers were treated as 
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mentioned above except that the blocking-step with BSA was omitted. Images were taken with 
a Zeiss Axioplan microscope. 
 
2.3 Results and Discussion 
2.3.1 Fabrication and Characterization of PGlcNAcEMA Glycopolymer Brushes 
The glycomonomer 4 2-O-(N-acetylglucosamine)ethyl methacrylate (GlcNAcEMA) was 
synthesized according to the reaction shown in Scheme 1.  
 
 
Scheme 1. Synthesis of the glycomonomer GlcNAcEMA 4 from GlcNAc. Step 1: Protection of GlcNAc 
with acetylchloride. Step 2: Königs-Knorr-reaction with HEMA in the presence of silver salts in 
dichlormethane. Step 3: Deacetalytion of the sugar under basic conditions to yield the final product. 
Formation of densely packed monolayers with high grafting density was achieved by applying 
the initiator on silicon wafers in ethanol containing 8.4% (v/v) ammonia wile stirring following 
a well-established technique (Scheme 2).[64]  
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Scheme 2. Modification of silicon wafer and the polymerization of HEMA or GlcNAcEMA by SI-
ATRP.  
ATRP of GlcNAcEMA 4 is carried out from the initiator-modified silicon surface at room 
temperature in methanol/water as solvent. The polymerizations are performed using CuCl/2,2´-
bipyridine as catalysts. In general, extremely low concentration of initiator grafted on the 
surface prevents the formation of a sufficient amount of the Cu(II) complex to control the 
polymerization process.[65] To solve this common problem of surface-initated ATRP, it is 
necessary to add predetermined amounts of soluble free initiator or Cu(II) complex into the 
reaction mixture at the beginning of the polymerization.[66, 67] In this work, the free and soluble 
initiator, ethyl α-bromoisobutyrate (1.7 mol % relative to 4 or HEMA), and the Cu(II) 
deactivator (24 mol % relative to Cu(I)) were added prior to starting the reaction. It is reported 
that the water-content in the solvent system is crucial for the reactions’ kinetics: the 
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polymerizations in less polar media show slower kinetics and longer propagation times.[68] 
Therefore, a 1/1 (v/v) water/methanol mixture was chosen for the solvent system which yielded 
a good control over the polymerization of GlcNAcEMA 4 and HEMA. To estimate the length 
of the polymer brushes the molecular weights of free polymer produced in solution may be 
taken into account (Figure S1, supporting information). This approximation is proven to be 
valid for most surface-initiated ATRP applications and at least gives a hint about the reaction 
progress. The actual polymer layer thickness on the silicon wafer is measured by ellipsometry. 
The value of an untreated silicon wafer is set as the basis for the further analysis. However, the 
measurements were performed in the dry state. Therefore, swelling of the brushes should be 
considered for interpretation of the results.  
 
Figure 1. Evolution of the thickness of the PGlcNAcEMA 5 glycopolymer brush on a modifided silicon 
surface with polymerization time. Polymerization condition: [m]/[CuCl]/[CuBr2]/[bpy] = 50/4/1/10, 
methanol/water = 1/1 (v/v). As soluble free initiator ethyl α-bromoisobutyrate is used. The thickness 
was determined using ellipsometry. 
Figure 1 shows the increase of the PGlcNAcEMA 5 layer thickness as a function of 
polymerization time. The thickness increases linearly to 3.5 nm ± 0.4 nm during the first 2 h 
and then very slowly increases further to 5.2 nm ± 0.6 nm after an extended reaction time of 
24 h. Asymptotic behavior or stopping of polymer growth can be explained with 
disproportionation of the copper bromide or collapse of the brushes above certain lengths on 
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the other.[21] After 24 h polymerization time the contact angle of PGlcNAcEMA 5 and PHEMA 
was determined to be 41.8° ± 1.5° and 62.5° ± 1.3°, respectively (Figure S3, supporting 
information). Due to the GlcNAc-moieties, the surface of covered with glycopolymer brushes 
is always more hydrophilic than the surface functionalized with pure PHEMA brushes. 
The polymer brushes were also characterized by Tapping Mode AFM. Figure S4A (supporting 
information) shows a typical AFM topography image of 5 with the glycopolymer brushes 
covering the whole substrate surface homogeneously. The phase image (Figure S4B) also 
illustrates a very uniform and completely covered silicon surface as the bare and hard silicon 
oxide should appear brighter compared to the softer polymer brush. Additionally, scanning 
electron microscopy images in Figure S5 could also confirm a successful polymerization on the 
silicon surface.  
The glycan recognition on PGlcNAcEMA 5 glycopolymer brushes was investigated by binding 
of the GlcNAc-specific lectin GS-II to the wafers.[69] Fluorescence readout verified that this 
lectin binds to GlcNAc-presenting brushes whereas only a very weak signal was detected on 
the inert PHEMA (Figure 2A). 
 
2.3.2 Galactosylation and Characterization of PGlcNAcEMA Glycopolymer Brushes 
First evidence that recombinant human β4-galactosyltransferase-1 (β4GalT-1) accepts the 
monomeric GlcNAcEMA 4 was provided by kinetic analysis using an established photometric 
assay.[61] The presence of hydrochinone was mandatory to prevent spontaneous polymerization, 
thus the enzymatic reactions occurred readily and encouraged the use of this biocatalysts on the 
surface. β4GalT-1 shows a KM of 0.48 mM and a vmax of 0.28 U mg-1 with a weak substrate 
inhibition (Figure S6, supporting information) which is typical for acceptor substrates of 
β4GalT-1 carrying hydrophobic linkers.[70] The kinetic data prove the use of 5 as novel acceptor 
substrate of β4GalT-1. 
To build-up a more complex multivalent scaffold based on surface-bound glycopolymer 
brushes, we investigated whether PGlcNAcEMA (compound 5 in Scheme 3) on the surface is 
accessible for enzymatic galactosylation by β4GalT-1.[61]  
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Scheme 3. Sequential reactions cascade for the production of oligo-LacNAc (5a-5e) structures on the 
PGlcNAcEMA 5 brushes utilizing two recombinant glycosyltransferases.[71] 
The resulting disaccharide (N-acetyllactosamine, Galβ4GlcNAc, LacNAc, compound 5a in 
Scheme 3) is an important substrate for the more sophisticated synthesis of complex linear or 
even branched glycan epitopes.[71] The transfer of galactose was detected by binding of 
Erythrina cristagalli lectin (ECL), which is specific for Galβ1,4GlcNAc-motifs.[72] Figure 2B 
clearly demonstrates that enzymatic galactosylation of PGlcNAcEMA 5 brushes by β4GalT-1 
causes a strong signal by binding of ECL whereas only a weak signal on non-galactosylated 
wafers is detected. This indicates not only the successful enzymatic transfer of Gal onto a 
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surface-mounted PGlcNAcEMA 5 but also shows the good anti-fouling properties of the 
glycopolymer brushes as unspecific adhesion of the lectin is suppressed. Following the 
successful transfer of Gal building up LacNAc-structures on the surface, we investigated 
subsequent chemo-enzymatic modifications of the brushes via a Gal-specific reaction cascade. 
First we performed an enzymatic oxidiation at the C6-position of Gal followed by a subsequent 
reductive amination utilizing the fluorescent dye APTS.[73] Despite the rather harsh conditions 
we could detect a fluorescence signal on galactosylated brushes, whereas this was not the case 
for non-galactosylated brushes (Figure 2C). 
 
Figure 2. Fluorescence analysis of lectin binding to glycopolymer brushes. A: Binding of GlcNAc-
specific GS-II to glycosylated (PGlcNAcEMA 5) and non-glycosylated brushes (PHEMA). The binding 
of GS-II to the surfaces relies on specific recognition of GlcNAc and is absent on PHEMA. B: Binding 
of Gal-specific ECL to galactosylated (5a) and non-galactosylated (5) brushes. The binding of ECL to 
the surfaces relies on specific recognition of N-acetyllactosamine (LacNAc). The increase in 
fluorescence signal indicates the enzymatic transfer of Gal and formation of LacNAc (Galβ4GlcNAc) 
on the glycopolymers brushes. C: Galactose of LacNAc was specifically oxidized by galactose oxidase; 
subsequent reductive amination with a fluorescent dye gives a signal on galactosylated brushes. 
For studies by fluorescence microscopy and to prove the anti-fouling properties of this surface 
covering we transferred galactose only onto one half of the PGlcNAcEMA 5 brush-covered 
silicon surface thereby creating an intrinsic negative control.  
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On these surfaces we investigated the binding of GS-II and ECL. As expected, unspecific 
adhesion of the lectins was not detected at all, indicating that blocking of the surfaces by inert 
proteins prior to lectin incubation can be circumvented, which increases the usability of our 
systems for fast binding experiments. To prove that the unspecific adhesion of proteins to this 
material is minimal we incubated the wafers with FITC-BSA. After washing and drying of the 
wafers we measured the fluorescence signal and could not detect any difference in emission 
behavior: BSA did not bind to the wafers (Figure S7, supporting information). These findings 
facilitate the handling of the surfaces dramatically, especially if the wafers are used for imaging 
purposes. The highly specific binding of GS-II and ECL to half-galactosylated wafers is shown 
in Figure 3.  
 
 
Figure 3. Binding of ECL (A, light blue) and GS-II (B, red) to brushes where the right wafer side is 
galactosylated. ECL binds only to the Gal presenting side (LacNAc) and GS-II binds only to the GlcNAc 
presenting side. The binding of GS-II to the whole wafer can be reconstituted by enzymatic transfer of 
GlcNAc forming a tri-saccharide on the right wafer side (C). 
The fluorescence images of lectin binding revealed a remarkable selectivity of both lectins to 
their specific sugar ligand on the wafer (Figure 3A and B). Consequently, GS-II and ECL only 
bind to the non-galactosylated half and galactosylated half, respectively. This reveals absolute 
differentiation of the glycopolymers solely by the specificity of the lectins. Subsequent 
enzymatic transfer of GlcNAc onto 5a on the galactosylated side of the wafer results in 
PGlcNAcLAcNAcEMA (compound 5b in Scheme 3) which is then detected by GS-II (Figure 
3C). As now terminal GlcNAc is exposed on the tri-saccharide this sugar is now accessible as 
ligand for GS-II. The binding signal for 5b is approximately double as high compared to 5 
indicating the preference for longer glycans by this lectin. This results was later confirmed by 
fluorescence spectroscopy analysis which provides more quantitative results (see Figure 5).  
Competition experiments may give a clue about the actual strength of glycopolymer brush-
lectin interaction. Therefore, we performed competition as well as displacement studies with 
ECL on 5a-presenting brushes with free lactose as inhibitor. The measurements revealed an 
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IC50 value of 0.3 mM, which is calculated by sigmoidal plotting of the inhibition curves (Figure 
4). 
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Figure 4. Displacement (A) and competition (B) assays for ECL on LacNAc presenting brushes. 
Inhibition of binding was accomplished by adding lactose in appropriate concentrations. The IC50 values 
were calculated as 0.3 mM in both experiments.  
With human serum α1-acid glycoprotein an IC50 value for lactose of 0.5 mM is reported.[72] We 
conclude from our data a high lectin affinity to the glycopolymer surface and strong binding 
due to multivalent presentation. It must be taken into account that this is especially remarkable 
since only a disaccharide is presented on the brushes for lectin binding. Even stronger binding 
may be expected for oligosaccharides, as these structures are known to be better ligands for 
lectins in general.  
 
2.3.3 Sequential Enzymatic Modification of GlcNAcEMA to oligo-LacNAc Brushes 
To deeply investigate the specificity of lectins towards immobilized oligosaccharides, we 
synthesized oligo-LacNAc structures starting from PGlcNAcEMA 5 brushes. As chemical 
synthesis of oligosaccharides is very complicated and struggle with low yields due to the 
necessity of sophisticated protecting steps we chose a biocatalytic approach by an enzymatic 
cascade reaction (Scheme 3).[63] The alternating use of β4GalT-1 and β3GlcNAcT generates 
glycan oligomers up to a hexasaccharide. This saccharide presents now three LacNAc units. 
 
45 
 
With this approach glycan oligomers of variable yet controlled length with GlcNAc or Gal at 
their non-reducing ends were ready for testing as ligands for lectins. All step-wise glycosylation 
processes were investigated with the lectins GS-II and ECL leading to a fingerprint on oligo-
LacNAc structures for each lectin. NMR and MS analytics with various neoglycoconjugates 
were performed previously and showed specificity of this enzyme system in terms of product 
formation and broad acceptance of substrates.[63, 70] This reaction cascade leads to a unique 
platform with a defined multivalent environment presenting complex glycan-oligomers for 
fingerprinting lectin specificities.  
 
Figure 5. Binding of GS-II (A) and ECL (B) to the brushes carrying oligo-LacNAc structures with up 
to three LacNAc units. The signal was recorded by detecting the fluorescence signal of labeled lectins. 
Non-lectin treated wafers as well as GlcNAc-presenting brushes were used as negative controls. C: 
comparison of the normalized signals. All data was normalized to the strongest fluorescence signal of 
each lectin. 
In Figure 5 the fingerprint of fluorescence signals for both lectins versus the presented 
saccharide on the brush is depicted. GS-II (Figure 5A) shows as expected good binding to 
brushes presenting a terminal GlcNAc moiety indicated by stronger signals with the mono- (5), 
tri (5b)- and penta (5d)-saccharide compared to di (5a)-, tetra (5c)-, and hexa (5e)-saccharide 
presenting brushes. Interestingly, galactosylation of PGlcNAcEMA (5 to 5a) almost abolishes 
binding of GS-II completely. Additionally, the signal generated by binding of GS-II to 5d 
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brushes is very high compared to the tri-saccharide 5b, visualizing that longer glycans act as 
better ligands for lectins than shorter ones. However, Gal-terminated brushes with internal 
GlcNAc (tetra- and hexa-saccharide, 5c/5e) are also ligands of GS-II, even though the signal 
intensities are obviously lower than with GlcNAc-terminated brushes. In conclusion, 
multivalent presentation of GlcNAcβ1,4Gal-units on glycopolymers brushes leads with the 
lectin GS-II to a two-fold higher fluorescence intensity compared to internally presented 
GlcNAc moieties of LacNAc terminated brushes.  
In contrast to GS-II, ECL shows a clear preference for Gal-terminated glycopolymer brushes 
(Figure 5B). Almost no signal is detected with 5, whereas LacNAc terminated  brushes (5a, 5c, 
5e) show a burst in signal intensity with each additional LacNAc unit, which confirms previous 
studies on ECL.[72] Our results further reveal also binding to GlcNAc-terminated brushes which 
increases with increasing glycan length as detected for trisaccharide (5b) and pentasaccharide 
(5d) brushes. In contrast to GS-II the fluorescence intensity rises with each LacNAc unit about 
1.5 times (Figure 3B). This leads to the hypothesis that more ECL proteins interact with the 
growing glycan chain on the brushes. We therefore state that ECL also recognizes internal 
LacNAc units, which become better accessible due to the higher flexibility of the multivalent 
glycopolymers scaffold on longer glycan chains. Nevertheless, binding signals of GS-II on the 
preferred ligands increase exponentially (5b and 5d), whereas ECL shows a more linear 
behavior (5a, 5c and 5e). This may be related to the structure of GS-II, which consist of four 
binding pockets adjacent and opposite from each other. Binding to a multivalent environment 
may take place by cross-linking to brushes as well as binding to two sugar units from the same 
brush. ECL, in contrast, only bears two adjacent binding sites circumventing one of the two 
mentioned binding modes.  
In comparison, both lectins show complementary favored ligands on glycopolymers brushes 
and a distinct different binding behavior on growing glycan chains (Figure 5C). Gal- and 
GlcNAc-terminated oligomers as well as differences in the number LacNAc units on 
multivalent glycopolymer brushes can be distinguished by both lectins, leading to a ligand-
based fingerprint for each lectin.  
In addition to the lectin assays the hexasaccharide (5e) containing glycopolymer brushes were 
also investigated by ellipsometry and contact angle measurement with water. The thickness 
amounts to 14.7 nm ± 0.7 nm which shows a large increase of about 5.0 nm in thickness 
comparing these results with that of PGlcNAcEMA (5) containing brushes (Figure 1). The total 
brush topology is certainly deeply affected by the long hexasaccharide pendant groups of the 
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glycopolymers. This may lead to a more stretched conformation of the polymer backbone 
increasing the packing density resulting in an increased brush thickness. In must be taken into 
account that also the water content of the brushes and their amount of swelling may be changed 
by incorporation of longer glycan side-chains. The hexasaccharide modified surface showed a 
contact angle of 64.4° ± 1.4° which is interestingly in the range of the PHEMA brushes (Figure 
S3, supporting information). We expected a higher hydrophilicity but this decrease in 
comparison to the monosaccharide may be explained by a denser brush layer and subsequent 
different swelling and interphase behavior of the dried brushes.  
 
2.4 Conclusions  
We prepared variable and stable glycopolymer brushes containing LacNAc-oligomers on a 
silicon substrate by SI-ATRP, and biocatalytic cascade reactions. The structural features of 
glycopolymers were studied by various surface analyzing methods such as ellipsometry, atomic 
force microscopy and scanning electron microscopy. The presented platform is quite unique in 
terms of process stability and versatility. Most importantly, for protein binding studies it proves 
superb anti-fouling properties. The well-controlled surface-initiated polymerization of the 
glycomonomers results in homogeneously covered surfaces with remarkable re-usability of the 
functionalized silicon wafers. Most of the experiments shown were carried out on one set of 
wafers validating the reusability and robustness of the presented material. Additionally, our 
platform shows very good ligand accessibility and high binding strength for lectins. Even with 
rather short glycans high IC50 values for lactose were obtained, which are in the range of natural 
occurring glycoproteins. Higher binding signals were achieved with longer glycans. 
Biocatalytic modifications of the glycopolymer brushes on the surface are possible, building up 
linear oligo-LacNAc structures in a highly multivalent manner. The specific lectin fingerprint 
revealed the preference for longer glycan chains and different binding modes for each tested 
lectin. Following our approach for producing surfaces with multivalently presented glycan 
structures in a homogenous layer of glycopolymer brushes, surfaces for highly selective and 
specific lectin capturing and analysis are accessible. These developments of bioactive 
glycopolymers have significant potential in a number of novel practical applications such as 
adhesive materials, cell culture materials, templates for bioanalysis, and tumor diagnosis. 
Moreover, the good anti-fouling properties and interphase stabilizing abilities of the 
glycopolymer brushes suggest them for usage in biosensor applications.  
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2.5 Contributions  
H.P. performed the synthesis of the monomer and the SI-ATRP. R.R.R. produced the enzymes, 
performed enzymatic reactions and total lectin (protein) analysis. H.P. evaluated the data from 
CA, ellipsometry, AFM and SEM. R.R.R. evaluated the data of lectin binding as well as CA 
and ellipsometry of the hexasaccharide-surface. 
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Chapter 3: Evaluating the Thickness of Multivalent Glycopolymer 
Brushes for Lectin Binding  
 
Parts of this chapter were published in: J. Lazar, H. Park, R. R. Rosencrantz, A. Böker, 
L. Elling, U. Schnakenberg, Macromolecular Rapid Communications 2015, DOI: 
10.1002/marc.201500118 
 
Abstract 
Electrochemical impedance spectroscopy 
(EIS) is applied for investigating binding of 
lectins to multivalent glycopolymer brushes 
grafted from interdigital gold microelectrodes. 
By variation of the measuring frequency EIS 
allows simultaneous analysis of binding at 
different subnanometer distances from the 
sensor surfaces. In this way the binding 
dynamics along the brushes are quantified, giving an idea about the motion of the lectin through 
the brush layer. Two different brush lengths are investigated, revealing distinct dynamics of 
lectin binding due to changing topology of the brushes. Moreover, very low KD values in the 
nanomolar range are obtained. This unique platform may be used as sophisticated biosensor for 
detailed investigation of high-affinity protein binding to polymer layers.   
 
 
3.1 Introduction 
Glycans forming the glycocalix around a cell, which is a specialized part of the extracellular 
space, are known to be involved in numerous biological recognition and binding events.[1-5] 
Lectins, glycan binding proteins, are the decoding devices in these specific events between 
glycocalix and proteins; they bind with high specificity to various glycan structures from simple 
monosaccharides to complex oligosaccharides.[6-9] Although the preferred minimal ligand for a 
large number of lectins is known[10] and multivalent presentation of the sugar ligands is crucial 
for enhanced binding[11-15], dynamics of lectin binding in a multivalent microenvironment 
remains unclear. Thus, knowledge of statistical rebinding based on motion of a lectin through 
their binding environment such as the cell surface or biomaterials like glycopolymers is of 
interest for elucidating novel roles of lectins in spatial events. Moreover, analysis of the 
 
54 
 
movement through a polymeric biosensor surface is of importance for all kind of bioanalytical 
binding studies and biosensor surface design. Herein, we developed an electrochemical 
impedance spectroscopy (EIS) based advanced and powerful biosensor platform, for the 
detailed investigation of the influence of glycopolymer brush thickness on lectin-glycan binding 
processes. EIS’ unique characteristic is the ability of distinguishing between binding events at 
different subnanometer distances from the sensor surface within one measurement. With EIS 
as a real-time, label free technique, kinetic analysis of dynamical binding processes in 
biomolecular systems are achieved. Importantly, the tested brushes reveal KD values in the 
micro- to nanomolar range emphasizing the superior binding affinity of multivalent 
glycopolymer brushes for highly efficient lectin binding. 
An emerging class of molecules for studying lectin binding are glycopolymers as they provide 
good solubility, high valency and mostly controlled sizes and shapes. Multivalent 
glycopolymers have attracted great interest in both fundamental and applied studies of lectin 
binding due to their tunable characteristics.[16-19] The key element for higher binding affinities 
of lectins towards glycopolymer brushes is their flexible multivalency. This means that, due to 
multiple ligands in all dimensions the lectin may “choose” the best binding partner in the correct 
proximity.[20] In Chapter 2 we introduced a novel approach for the synthesis of glycopolymer 
brushes.[21] Polymeric brushes comprise a high osmotic pressure within the brush regime and 
are known to stabilize interphases. They constitute therefore advanced materials with low 
unspecific protein adsorption rendering them anti-fouling and biocompatible properties.[22] By 
combining the surface-initiated ATRP technique[23, 24] for grafting glycopolymers from a solid 
substrate and enzymatic synthesis of glycan oligomers[25] we obtained a glycopolymer-brush-
based platform for fingerprinting the specificity of lectin binding enhanced by multivalent 
glycan presentation.  
EIS has been used in multiple assays as detection method for label-free molecular binding 
processes like protein-protein interaction, virus detection and DNA sensing.[26-33] However, the 
ability of EIS to read-out and distinguish dynamical binding events perpendicular to the sensor 
surface was to the best of our knowledge not yet demonstrated for molecular interactions. 
Measuring the complex resistance at an AC potential applied between electrodes renders EIS 
extremely sensitive to adsorption events onto the biosensor surface via changes of the electrical 
conductivity. Moreover, utilizing interdigital microelectrodes gives high sensitivity to surface 
modifications on and in the vicinity of the electrode surface as well as in the near inter-electrode 
space.[34-36] Variation of the measuring frequency of EIS allows scanning and following lectin 
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binding in different sub-layers of the brushes in a fully quantitative kinetic way. By calculating 
the binding constants of receptor ligand interactions at different frequencies the impact of 
glycopolymer brush thickness can be described quantitatively. The advantage of the proposed 
method compared to commonly used SPR (surface plasmon resonance) methods[37-40] is that 
variation of the impedance signals at different frequencies reveal space-resolved kinetic binding 
information over the layer thickness and does not measure simply the averaged mass changes 
onto the surface. The well-established methods of choice for investigating the kinetics of label 
free lectin-glycopolymer interactions are among others so far SPR and QCM (quarz crystal 
microbalance).[41-44] These methods are also used in combination with glycopolymers in tightly 
controlled set-ups.[41, 42, 45] In contrast to other methods, including fluorescence-based assays or 
ITC (isothermal titration calorimetry), EIS reveals the dynamics of the binding process and is 
suitable for sensing the motion of the binders taking place perpendicular to sensor surfaces. 
This unique characteristic enables us to observe and quantify glycopolymer brushes of different 
lengths in means of space-resolved dynamical binding behavior of the appropriate lectin. In this 
way, new insights to binding processes taking place on glycopolymer brushes are gathered and 
may support for example the quality assessment and design of such biosensors. Following lectin 
binding throughout biofunctionalized surfaces with different topologies is of high interest for 
creating tailored lectin capturing compounds and modeling the binding behavior of lectins in 
vivo; as the glycocalyx also may be described as a densely packed glycopolymer layer around 
the cell.  
In close collaboration with J. Lazar and Dr. U. Schnakenberg from RWTH Aachen, IWE 1 
(Aachen, Germany) and Dr. H. Park and Prof. Dr. A. Böker from DWI Leibniz-Insitut für 
Interaktive Materialien (Aachen, Germany) we here present an impedimetric biosensor for 
analyzing the binding kinetics of lectins to brushes of different length, entering the field of 
controlling the microenvironment for lectin binding 
 
3.2 Experimental Section 
Gold interdigital electrodes (gap 10 µm, width 10 µm, length 3885 µm, count 100) on oxidized 
silicon chips were used as sensor elements for all EIS experiments. The fabrication process is 
described in detail in supporting information (SI). Three elements were subsequently addressed 
within one microfluidic channel by switching a custom-made relay multiplexer. EIS 
measurement (10 mV, 10 Hz – 200 kHz) was performed during lectin assay consisting of buffer 
pretreatment (application until stable signal), lectin application and buffer purge. The chips 
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were integrated in a microfluidic channel system (see SI). To prevent diffusion limitation of the 
applied analyte the flow rate through the channel was set to 0.5 ml/h, which corresponds to 
1 mm/s over the sensor surface.[46] Self-assembled initiator monolayers were formed on the 
gold surfaces by immersion of the chips into 2 mM solutions of bis[2-(2′-
bromoisobutyryloxy)ethyl]disulfide (Sigma-Aldrich, Steinheim, Germany) using ethanol as 
solvent at room temperature. The polymerization of GlcNAcEMA from the electrode surfaces 
was performed as described in our previous work.[21]  
Non-conjugated free lectins were from Vector Laboratories (Burlingame, CA, USA), purified 
by gel chromatography and diluted with 10 mM HEPES-NaOH, pH=7.5, 150 mM NaCl, 
0.1 mM CaCl2 to give a protein concentration of 20 µg ml
-1. For fluorescence images FITC-
labelled lectins (Vector Laboratories) treated the same way were used. The electrodes were 
submerged in FITC-lectin solution without previous blocking steps and washed three times with 
PBS containing 0.05 % (v/v) Tween-20. Fluorescence images were taken with a Zeiss Axioplan 
microscope. 
 
3.3 Results and Discussion 
We chose as model lectins the N-acetylglucosamine (GlcNAc) specific plant lectin from 
Griffonia simpliciolia (GS-II) and the N-acteyllactosamine (Galβ1,4GlcNAc, LacNAc) specific 
lectin from Erythrina cristagalli (ECL).[47-50] Since GlcNAc presenting brushes were tested 
ECL serves in this study as a negative control and is used to prove the anti-fouling properties 
of glycopolymer brushes on the biosensor surface.  
The fabrication of the biosensor by immobilizing glycopolymer brushes on the interdigital gold 
microelectrodes of the sensor chip is depicted in Figure 1.  
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Figure 1. Workflow for functionalization of EIS chips. Initiator is deposed on plasma treated gold 
electrodes followed by controlled SI-ATRP with GlcNAc-monomer for 10 and 120 min, respectively. 
Middle part: Analysis by AFM shows homogeneous glycopolymer brushes of averaged 0.5 nm and 
3.45 nm length.[21] (z-scale bar for 10 min polymerization: 1.2 nm, for 120 min polymerization: 3.4 nm) 
Fluorescence images with labeled GS-II (green) show specific binding to GlcNAc (PGEMA) presenting 
chips (right), no fluorescence is detected with GS-II on brushes without GlcNAc (PHEMA) (left). Light 
micrographs are used for reference and depiction of the electrodes. (scale bar: 40 µm)  
Lectin binding assays with EIS are performed in a microfluidic set-up with an EIS chip carrying 
six gold interdigital electrodes (see Experimental Section and SI). For data validation 24 
electrode pairs in eight microfluidic channels were used in total to study the binding kinetics of 
GS-II. The electrodes were first treated with the binding buffer to swell the brushes and 
equilibrate the systems threshold, followed by application of either GS-II (20 µg ml-1) as 
binding protein or ECL as non-binder (20 µg ml-1). Protein desorption after the association 
process was initiated by a purge of buffer solution. The measurement set-up is depicted in 
Scheme 1.  
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Scheme 1. Measurement set-up for EIS measurements utilizing gold interdigital electrodes in a 
microfluidic flow-channel. 
The normalized impedance amplitude Z/Z0 over the applied frequency spectrum was evaluated 
for two different brush lengths (0.5 nm and 3.45 nm) as shown in Figure 2A. The covered 
frequency spectrum can be divided into three distinct ranges (Figure 2): The first range 
including frequencies larger than 100 kHz is mainly dependent on the resistivity of the bulk 
solution. Between 1 kHz and 100 kHz the influence of the double layer capacity, which 
increases with decreasing frequency, becomes prominent. For frequencies below 1 kHz the 
impedance signal can be assigned to the influence of the polymer brushes and is directly related 
to the binding of lectins to this layer. By reducing the frequency further, the changes in the 
impedance signal correspond mainly to the brush sub-layers and therefore depict binding events 
along the brush. Impedance signals obtained from the shorter brushes (10 min polymerization 
time) show an increased sensitivity compared to the longer brushes (120 min polymerization 
time) caused by the dense blocking of the sensor surface by the polymer layer. For shorter 
brushes binding events take place in close proximity to the sensor surface, where the sensitivity 
of the system is the highest. Longer brushes somewhat “insulate” the most sensitive region 
close to the sensor. The increased standard deviation of the impedance values obtained from 
longer brushes in the low frequency range relies on small variations of polymer layer thickness, 
which have a rather large impact with this sensitive system.  
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Figure 2. EIS measurements with lectins on glycopolymer brush surfaces. (A) Normalized values of 
maximum impedance amplitude over frequency. Impedance amplitude is normalized to the impedance 
value directly before application of a GS-II. Impedance signal with respect to time for different applied 
frequencies, in (B) for long brushes (120 min polymerization), in (C) for short brushes (10 min 
polymerization). No significant binding of ECL was observed on short as well as on long brushes 
Binding of GS-II to longer brushes shows variation of the impedance signals over time in 
dependence of the applied frequencies illustrating the dynamics of lectin binding along the 
brushes. (Figure 2B) The calculated kinetic parameters (kon, koff) as well as dissociation 
constants (KD) (Table 1A) can be related to the different accessibility of sugar ligands at 
different layers of the brushes due to ‘mushroom’ topology of surface deposited polymers 
(Figure S2/S3). Lectin binding at the top of the polymer brush proceeds by dissociation and 
association along the brushes to reach deeper parts of the polymer layer with higher glycan 
accessibility or density due to higher order of the aligned polymers. Slower association (kon) 
and dissociation (koff) of lectins to and from the glycans occurs in brush layers closer to the 
electrode, which gives the opportunity to analyze the time-dependent binding of the lectin in a 
quantitative way. From the affinity point of view, this results in a 3-fold decrease of the KD 
values (worse binding) at the inner brush region (Table 1A). However, the KD values for binding 
of GS-II to the multivalent long glycopolymer brush are still in the high nanomolar range 
emphasizing the superior affinity of the glycopolymer brushes when compared to previously 
reported KD values in the micromolar range found for various natural (multivalent) glycans.
[51, 
52] We conclude so far, that lectin binding kinetics change with accessibility of glycan ligands 
A 
 C 
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and that it is possible to quantify the movement of the lectins along the glycopolymer as it enters 
layers closer to the sensor surface. The dynamics of the binding process at long glycopolymer 
brushes is indicated by the time shift for saturation of the impedance signal for lower 
frequencies which is not the case for short brushes (Figure 2B). Consequently, the resolution in 
z-direction is about 0.5 nm or lower and resolved by a frequency change of 10 Hz. However, it 
must be noted, that the z-direction-frequency relation is not linear.  
Lectin binding on shorter brushes shows a very different behavior due to better accessibility of 
glycan ligands resulting from their aligned topology (Figure S2 and Figure 2C). With similar 
kon values only a minor change of KD values for the applied frequencies (Table 1B) is detected. 
This is caused by simultaneous binding of the lectins to the entire brush and by the lack of 
resolution. The latter is not quite proven as the minor changes of KD may be still related to 
subtle dynamical binding of lectins to different sublayers even of the short brushes. Therefore, 
the exact resolution in z-direction is hard to determine.  
 
Table 1. Kon, Koff and KD values determined from Figure 2B and 2C. (A) 120 minutes brush 
polymerization (B) 10 minutes brush polymerization. 
 
A. LONG GLYCOPOLYMER BRUSH (120 MIN POLYMERIZATION) 
 kon 
[M-1s-1] 
koff 
[s-1] 
koff/kon= 
KD (M) 
Average KD (M) 
10 HZ 3.09×105 1.17×10-2 3.79×10-8 Inner zone 
3.90×10-8 20 HZ 2.89×105 1.32×10-2 4.57×10-8 
63 HZ 3.84×105 1.28×10-2 3.33×10-8 
200 HZ 7.08×105 7.91×10-3 1.12×10-8 Outer zone  
1.21×10-8 632 HZ 8.45×105 1.57×10-2 1.86×10-8 
2 KHZ 5.06×105 3.38×10-3 6.68×10-9 
B. SHORT GLYCOPOLYMER BRUSH (10 MIN POLYMERIZATION) 
 kon 
[M-1s-1] 
koff 
[s-1] 
koff/kon= 
KD (M) 
Average KD (M) 
10 HZ 1.51×105 1.19×10-3 7.88×10-9 Inner zone 
7.49×10-9 20 HZ 1.52×105 1.20×10-3 7.89×10-9 
63 HZ 1.51×105 1.01×10-3 6.69×10-9 
200 HZ 1.57×105 3.47×10-4 2.22×10-9 Outer zone 
4.98×10-9 632 HZ 1.59×105 9.17×10-4 5.77×10-9 
2KHZ 1.58×105 1.10×10-3 6.96×10-9 
 
61 
 
Remarkably, KD values for the short brushes are in the lower nanomolar range, thus a magnitude 
higher when compared to the longer brushes (Table 1B). Besides that shorter brushes have a 
lower overall binding capacity, the brushes are now well perpendicularly oriented to the surface 
and present optimal ligand accessibility in contrast to the outer zone of long brushes, which 
adapt a so called “mushroom” or a rather fuzzy aligning. We conclude that lectins bind more 
efficiently to shorter brushes due to their highly aligned presentation and superb accessibility 
of the presented glycans. Comparison of our results with established methods like SPR or QCM, 
shows that GS-II has a slow binding behavior with kon values in the region of 10
-5 M-1s-1. 
Generally, kon is determined by the rate of diffusion and is found in ranges of 10
-6-10-8 M-1s-1. 
However, slow binding of lectins in ranges of 10-5 M-1s-1 is a common phenomenon and 
reflected in various reports.[53-55] Nevertheless, this may be taken into account to validate our 
data collected via EIS for glycan-lectin interactions. Interestingly, koff and KD values in similar 
ranges as for the short brushes are reported for a putative membrane affinity chromatography 
approach also based on glycopolymer brushes and evaluated via SPR.[56] This confirms the high 
binding affinity of lectins towards glycopolymer brushes. Other glycopolymer systems show 
values in the higher nanomolar or micromolar ranges gathered by QCM, which has the 
disadvantage of very long measuring times combined with high substance consumption.[57-59] 
In summary, our collected data is comparable to lectin analysis with other methods, validating 
EIS as novel method for investigating lectin binding to glycans. Thus, so far no method was 
sensitive to actions taking place at different z-distances from the sensor surface, which is the 
unique and characteristic feature of EIS. Moreover, EIS combines this feature with high 
sensitivity and short measuring times.  
This chapter introduces a variable polymerization and measuring platform for analyzing 
detailed dynamical binding kinetics on a biosensor. Although EIS is a well-known method, the 
unique ability of investigating binding events kinetically at different z-distances to the biosensor 
surface, was not utilized so far for biomolecular interactions. Combining the high valency of 
glycopolymer brushes, their good stabilizing- and anti-fouling properties with EIS gives the 
ability to quantify the influence of ligand accessibility, to calculate and to depict the dynamics 
of protein binding as well as standard binding kinetics. Additionally, the automated microfluidic 
device reduces the liquid and sample amounts to few µL of sample volume and µg of protein, 
respectively. 
 
 
 
62 
 
3.4 Conclusion 
In conclusion, this chapter demonstrates for the first time the topology dependent binding 
kinetics of the lectin GS-II in PGlcNAcEMA polymer brushes by space-resolved EIS. Applying 
incremental frequency steps up to 1 kHz impedance signals differ according to the dynamical 
binding of GS-II to short and long glycopolymer brushes. The calculated binding rates and 
constants change due to lectin binding along the long brushes whereas in short brushes no 
significant change is observed. However, subtle changes even at 0.5 nm short brush prove the 
high resolution in z-direction. The better lectin binding on shorter brushes is closely related to 
their aligned topology with better accessibility in regards of the multivalent glycan ligands. EIS 
gives for the first time insight into lectin binding to multivalent glycopolymer surfaces of 
different thickness and will assist to develop advanced glycan-functionalized material surfaces.  
So far our sensor chips contain six interdigital electrodes which may all be functionalized 
differently and still be measured simultaneously; In future, multiplexing the microfluidic 
system high-throughput low sample amount screening of detailed kinetic data is possible. 
Together with the broad scope of possible ligands tailored either by enzymatic reactions or by 
substituting the glycan by other biomolecules prior or after polymerization we present a 
variable, stable and powerful biosensor platform technology with a broad scope of applications 
in biosensor applications. 
 
3.5 Contributions  
H.P. performed the synthesis of the monomer and the SI-ATRP and analyzed the surface with 
AFM. R.R.R. purified the lectins and evaluated the biosensor with (fluorescence) microscopy. 
J.L. conducted EIS and evaluated the raw data. R.R.R. evaluated AFM, plotted the EIS-data 
and calculated all kinetic parameters.  
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Chapter 4: Lectin binding studies on a glycopolymer brush flow-
through biosensor by localized surface plasmon resonance  
 
Parts of this chapter are considered for publication in: R. R. Rosencrantz, V. H. Nguyen, H. 
Park, A. Böker, U. Schnakenberg, L. Elling, Analytical and Bioanalytical Chemistry, in 
revision. 
 
Abstract 
A localized surface plasmon resonance 
biosensor in a flow-through configuration 
was applied for investigating kinetics of 
lectin binding to surface grafted 
glycopolymer brushes. Polycarbonate 
filter membranes with pore sizes of 
400 nm were coated with a 114 nm thick 
gold layer and used as substrate for surface-initiated atom-transfer radical polymerization of a 
glycomonomer. These grafted from glycopolymer brushes were further modified with two 
subsequent enzymatic reactions on the surface to yield an immobilized trisaccharide presenting 
brush. Specific binding of lectins including Clostridium difficile toxin A receptor domain to the 
glycopolymer brush surface were investigated in a microfluidic set-up with flow-through of the 
analytes and transmission surface plasmon resonance spectroscopy. 
 
 
4.1 Introduction 
Surface plasmon resonance spectroscopy (SPR) is until today the most widespread and standard 
optical analysis method for sensing biomolecular interactions and kinetics thereof. SPR as 
label-free technique displays excellent sensitivity in real-time monitoring of refractive index 
changes near the sensor surface of which is covered with a thin metal layer (commonly used 
gold surface with ~ 50 nm thickness). Gold comprises delocalized d-electrons which is the basis 
of plasmonic properties. In the common Kretschmann configuration (reflection mode) changes 
of the angle of highest plasmon excitation, are induced by subtle changes in the area close to 
the electrode surface. However; the Kretschmann configuration requires a complex heavy-
weight bulky measurement setup with a large sensor surface area.[1] Our approach of localized 
surface plasmon resonance (LSPR) is the coupling of light with nanostructured objects, e.g. 
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holes or nanoparticles of a few hundred nanometers in diameter or few nanometer in radius, 
respectively, (sub-wavelength apertures) in either regular arrays, non-periodic short-range order 
patterns[2-8] or periodic grating structures[9, 10]. With these set-ups, localized surface plasmons 
are excited normally by directing the incident light in collinear optical geometry, called 
extraordinary light transmission (EOT) effect.[3, 8] The excitations in hole-type nanoapertures 
are observed as peaks in the spectral plot of the transmission signal and therefore are also 
directly related to changes on the surface.  
In contrast to Kretschmann configurations the LSPR approach allows simplified transmission 
measurements at small sensor areas (nanometer holes).[11] These nanoplasmonic sensors are 
distinctive among photonics sensors as they allow direct coupling of perpendicularly incident 
light and constitute a robust sensing platform minimizing the alignment requirements for light 
coupling.[8] This makes the transmission setup more suitable for miniaturization and 
multiplexing. In a LSPR device nano-channels through the gold layer and the carrier substrate 
produced by perforation forces the analyte to flow through the active gold layer.[8, 12] In such a 
flow-through configuration the analyte flow has to split up into a large number of sub-micron 
flow channels. This reduces significantly the transport limitation of conventional flow-over 
configurations and leads to an increased mass transport efficiency to the surface, decreased 
response times and significant increased sensitivities.[13-15] While LSPR has in general a lower 
sensitivity than conventional Kretschmann configurations, sensitivity enhancements due to 
flow-through of the analyte are necessary for a competitive LSPR-based biosensor. We recently 
introduced an easy-to-use LSPR flow-through set-up with a custom-made microfluidic chip. 
The sensor area consists of an exchangeable low-cost perforated polycarbonate filter 
membrane, which is covered with gold.[16]  
(L)SPR is particularly useful for investigating the molecular interactions between glycans and 
their decoding proteins called lectins. Lectins are a large class of carbohydrate binding proteins 
that are not to be classified as antibodies and do not bear any enzymatic reactivity.[17-20] The 
coding capacity of glycans relies on their intriguing complex molecular structure.[21] Their 
structural and chemical variability is based on multiple functional hydroxyl-groups and 
conformational diversity. Glycans are involved in numerous biological tasks like cell 
communication, cell interactions, virus binding, cancer progression, and bacterial toxin evasion. 
The synthesis of complex glycans and the revealing of glycan-protein interactions are still 
challenging aspects of glycoscience. Therefore, elucidation of structure relationships of lectin-
glycan crosstalk will support research to find glycan-based theranostic drugs for cancer therapy 
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or overcoming infections caused by pathogenic bacteria. SPR gave new insights to understand 
previously unknown aspects in binding behavior of lectins.[17] As important term in this regard 
the “cluster glycoside effect” was introduced, which describes the increase in affinity of lectins 
towards their glyco-ligand in orders of magnitude when the number of presented glycans is 
increased and the alignment of the ligands fulfills structural criteria to bind to the lectin.[22] This 
multivalent effect is crucial for creating strong and specific glycan-protein interactions. We 
recently reported on lectin fingerprinting by multivalent glycopolymer brushes with superb 
anti-fouling properties. The ability of very low unspecific protein adsorption is of high interest 
for bioanalytical applications.[23] The glycopolymer brushes therefore display high specificity 
and selectivity for lectins depending on the surface immobilized glycan.  
Encouraged by these results we now present in cooperation with V. H. Nguyen and U. 
Schnakenberg from RWTH Aachen, IWE 1 (Aachen, Germany) and Dr. H. Park and Prof. Dr. 
A. Böker from DWI Leibniz-Insitut für Interaktive Materialien (Aachen, Germany) the lable-
free kinetic analysis of lectin binding by LSPR. In detail, surface initiated atom-transfer radical 
polymerization (SI-ATRP) for the synthesis of glycopoylmer brushes grafted from the gold 
surface of a perforated gold-covered sensor foil was established for subsequent analysis of 
lectin binding by LSPR. First, N-acetylglucosamine (GlcNAc) was presented on the brushes 
and the binding to this ligand was investigated with the plant lectin Griffonia simplicifolia lectin 
II (GS-II), which is known to recognize specifically GlcNAc-structures.[24] To enhance the 
variability from the ligand side we applied a two-step enzymatic synthesis on the solid support 
utilizing recombinant human and murine glycosyltransferases transferring two galactose (Gal) 
molecules to yield the trisaccharide Galα1,3Galβ1,4GlcNAcβ1-, which is known as Galili-
structure.[25, 26] The Galili-structure is reported to be a good ligand for the bacterial enterotoxin 
A (TcdA) from the pathogen Clostridium difficile.[27] We evaluated binding of the 
recombinantly expressed lectin domain (TcdA-R) of TcdA to Galili-structure and GlcNAc 
presenting brushes. Although, the combination of SPR or electrochemical impedance 
spectroscopy (EIS) with surface grafted polymer brushes or SAMS (self-assembled 
monolayers) was investigated previously and proved the high binding affinity of a lectin 
towards the glycopolymers with KD values in the nanomolar range
[28-30] we here present a novel 
method that combines a more cost-effective, disposable measuring platform with the versatility 
gained by enzymatic cascade reactions on the surface.  
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4.2 Experimental Section 
4.2.1 Materials 
All chemicals for preparation of buffers were from Carl Roth (Karlsruhe, Germany) and used 
without further clean-up. Chemicals for SI-ATRP were from Sigma-Aldrich (Steinheim, 
Germany). No additional purification was applied. Nucleotide sugars were from Carbosynth 
(Berkshire, UK). FITC-labeled and unlabeled GS-II was from VectorLabs (Burlingame, CA, 
US). All other origins of materials are stated within the text. 
 
4.2.2 Production of TcdA-R 
For expression of TcdA-R amino acids 1833-2710 of TcdA bearing the receptor/lectin domain 
were reverse translated into DNA in silico, compared to reported sequences (Swiss. Prot.: 
P16154.2 GenBank:X51797.1).  he coding sequence was optimized in silico for expression in 
E. coli.[31, 32] The gene of 2631 bp with appropriate restriction sites (NcoI, NdeI and NotI) was 
synthesized by Genscript (Piscataway, NJ, USA) and provided as insert of pUC57 plasmid. 
After plasmid propagation in E. coli NEB Turbo (New England Biolabs, Frankfurt a. 
Main,Germany) the TcdA-R gene was cloned using NcoI and NotI into pET28a (Novagen, 
Schwalmbach, Germany) to give an N-terminal His6-tagged version. His6-TcdA-R was 
expressed in E. coli BL21(DE3) plysS (Novagen, Schwalmbach, Germany) in a 1.5 L Minifors 
fermenter from Infors (Bottmingen, Switzerland). TB-Medium was used adding 50 µg mL-1 
kanamycin. Growth was carried out at 37°C with 1100 rpm and maximum aeration rate. By 
reaching the stationary phase the temperature was decreased to 20°C and the expression was 
induced by adding 0.1 mM IPTG, maintaining aeration and mixing for 24 h. Additionally, the 
cells were fed with 50°% glycerol in water at a flow rate of 0.1 mL min-1. Cells were harvested 
by centrifugation, lysed via sonication and the protein of interest was purified using HisTrap 
HP columns as well as Aekta Systems (GE Healthcare, Solingen, Germany). The buffer was 
exchanged by dialysis to give TcdA-R in PBS with 25 % (v/v) glycerol. For production of 
eGFP-labeled TcdA-R, the gene was cloned via NdeI and NotI into a pET28a vector that was 
previously prepared to code an N-terminal His6-eGFP-fusion. Expression and purification was 
accomplished as described above. Both constructs were stored at -20°C and used after dilution 
in PBS. 
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4.2.3 Production of glycosyltransferases 
The utilized glycosyltransferases were expressed and purified as described elsewhere.[23, 26] 
β4GalT was expressed in E. coli Shuffle T7 Express (New England Biolabs, Frankfurt am Main, 
Germany) to enhance the activity, α3GalT was expressed in E. coli BL21(DE3) (Novagen, 
Schwalmbach, Germany). Purification was done by using HisTrap HP columns and Aekta 
Systems (GE Healthcare, Solingen, Germany). β4GalT was used directly after purification, 
α3GalT needed an exchange of buffer to 25 mM MES-NaOH pH 6.0, 25 mM KCl via 
diafiltration. Both enzymes were stored at 4°C.  
 
4.2.4 SI-ATRP on gold membranes 
A polycarbonate filter membrane ISOPORE HTTP01300 (Millipore) with pore diameter of 
400 nm were double-side coated with 114 nm thick gold layers using a Nordiko NS 2550 
sputtering machine with a DC power of 250 W, a pressure of 4.2 Pa, and an argon flow of 
55 sccm. The gold membranes were sequentially cleaned in acetone, isopropanol, ethanol, and 
water. Then, the foils were cleaned by plasma treatment at 0.2 mbar for 5 min. Self-assembled 
initiator monolayers were formed on the gold surfaces by immersion of the freshly prepared 
foils into 2 mM solutions of bis[2-(2′-bromoisobutyryloxy)ethyl]disulfide using ethanol as 
solvent at room temperature. After initiator modification of the gold surfaces, the foils were 
rinsed with ethanol and then dried under a stream of nitrogen. PGlcNAcEMA brushes were 
prepared by SI-ATRP technique. A representative example was as follows: the initiator 
modified foils was placed in a reactor and purged with nitrogen. 1.28 g (3.84 mmol) 
GlcNAcEMA was placed into a reaction flask and stirred in 12 ml water/methanol = 1/3 (v/v) 
until the complete dissolution. The solution was stirred under nitrogen for 20 min. Then, 120.04 
mg (0.77 mmol) 2,2’-bipyridine, 30.44 mg (0.31 mmol) copper(I) chloride, and 17.17 mg (0.08 
mmol) copper(II) bromide were added and stirred until a homogeneous dark brown solution 
formed. The reactor was degassed with nitrogen by stirring for 20 min. The reaction mixture 
was transferred into the flask containing the foil. The polymerization proceeded at room 
temperature for 120 minutes, respectively. Then, the foil was thoroughly rinsed with water and 
water/methanol mixture and dried under the nitrogen stream. Last, the chip was stored in 
ethanol for the transport until utilization. 
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4.3.5 Glycosyltransferase reactions 
The reaction for β4GalT was performed as described elsewhere with an overall volume of 
1 mL.[23] For α3GalT we used 25 mM MES-NaOH pH6.0, 25 mM KCl, 2 mM MnCl2, 7.5 mM 
UDP-α-D-galactose and 0.5 U of α3GalT in a final volume of 1 mL. For removal of inhibiting 
by-product UDP, 1 U of alkaline phosphatase (life technologies, Darmstadt, Germany) was 
added. The reactions were carried out at 30°C for 24 h. All foils were glycosylated in separate 
reactions vessels, equipped with 1 mL reaction solution. After 24 h the foils were rinsed with 
water and ethanol and stored in ethanol until usage. 
 
4.3.6 Fluorescence analysis 
For binding studies via fluorescence imaging, the foils were incubated with 20 µg mL-1 of 
respective ligand for 30 min. GS-II was diluted in lectin binding buffer (LBP, 10 × 10−3 M 
HEPES-NaOH, pH 7.5, 150 × 10−3 M NaCl, 0.1 × 10−3 M CaCl2), for eGFP-TcdA-R PBS was 
used. Then the solution was removed and the foils were washed with PBS containing 0.05% 
(v/v) TWEEN-20. Images were taken with a Zeiss Axioplan microscope in a semi-dry state. 
 
4.2.7 Atomic force microscopy 
Atomic force microscopy (AFM) was performed with a Dimension Icon microscope from 
Veeco Instruments Inc./Bruker AXS GmbH. All images were taken in tapping mode using 
OTESPA tips from Veeco Instruments Inc. (1 Ω silicon).  
 
4.2.8 Preparation of the microfluidic devices 
The microfluidic system is composed of two components. The first one consists of the 
distributor chip with four independent channels (Figure 1A), which can be opened and closed 
by pneumatic controlled integrated microvalves (not shown) according to literature.[33, 34] 
The second chip, the reaction chamber (Figure 1B), is divided into two parts. Mastermolds for 
all three parts were fabricated using borosilicate glass wafer (Quarz-Glas Heinrich, Aachen, 
Germany) with 100 mm diameter as substrate material. Prior to fabrication the wafer were 
cleaned by an oxygen plasma treatment for 3 minutes with 300 W and 300 sccm oxygen gas 
flow. Afterwards, negative resist SU-8 100 (MicroChem, Newton, USA) was spin-coated onto 
the wafer using RC-8 spin coater with gyrset top frame (Süss MicroTec, Garching, Germany) 
to obtain a 50 µm thick layer. A soft-bake was carried-out prior to UV-exposure with a light 
density of 350 mJ/cm² using Süss MicroTec MA6 mask aligner to define the grooves for the 
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microfluidic channels and the reaction chamber. Then, a post-exposure bake was performed 
followed by a wet-chemical development of the SU-8 layer in mr-dev 600 developer 
(MicroChem). Finally, the wafer was diced into single master mold chips. The three parts were 
formed by casting PDMS (Sylgard 184, Dow Corning, Midland, USA) onto the master molds. 
The casts were evacuated for 15 minutes at 100 mbar to remove bubbles in small cavities and 
afterwards cured at 60°C for one hour. The distributor chip and the upper chip of the reaction 
chamber were finally aligned to each other and bonded by plasma oxidation, according to [35] 
(Figure 1B).  
A 
 
B 
 
Figure 1. A) Top view of distributor device, B) Cross section view of the reaction chamber with sensor 
membrane clamped between upper and lower chamber halve. 
 
4.2.9 LSPR: Experimental setup 
The prepared membranes were clamped between the upper and lower chip of the reaction 
chamber (Figure 1B). The complete microfluidic system was then implemented into an optical 
bench consisting of a halogen lamp (Thorlabs SLS201/M, Thorlabs, Newton, New Jersey, 
USA) serving as light source and a spectrometer (HR2000+, slit 50 µm, Ocean Optics, Dunedin, 
Florida, USA) measuring the light transmission. Optical lenses (Thorlabs) were used to focus 
the light. During an experiment, the averaged spectrum of ten individual measurements was 
stored in intervals of ten seconds. The measurements were monitored by evaluating the intensity 
of the wavelength barycenter of the transmission spectra over the course of the experiment, 
according to [16]. The fluids are pressure-driven by 1 ml syringes and syringe pumps (Landgraf 
Laborsysteme HLL GmbH, Germany), which are controlled by a LabView program. Teflon 
tubes were used with an inner diameter of 0.3 mm and an outer diameter of 0.76 mm to connect 
the devices. For all experiments the flow rate was adjusted to 0.25 ml h-1. Prior to each lectin 
treatment the membrane was initially purged with the buffer solution until a stable light 
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intensity level was obtained (approximately 15 min). Lectin solution was applied until the 
sensor signal saturates. Then, the reaction chamber was purged with buffer solution again.  
 
4.2.10 Data processing 
Data was processed with Origin 8.6.0 from OriginLab Corporation (Northhampton, MA, USA) 
and InPrism GraphPad non-linear regression software (GraphPad Software, Inc., La Jolla, CA , 
USA). AFM-images were analyzed with Gwyddion 2.4.0. 
 
4.3 Results and Discussion 
Fabrication of the perforated polycarbonate membrane-based LSPR sensor was previously 
reported and slightly optimized.[16] The polycarbonate filter with a pore diameter of 400 nm 
was coated double-side with 114 nm thick gold layers using a sputtering machine. 
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A 
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C 
 
Figure 2. AFM images of (A) untreated, gold covered foil and (B) foil after SI-ATRP. (C) Bulk 
refractive index measurement change during a consecutive exchange of sodium chloride and de-ionized 
water to determine the recovering time. The double arrow represents a time span of 10 min. 20 µL NaCl 
solution and water were used for each injection, respectively.   
SI-ATRP was carried out on the sputtered membranes after deposition of the initiator bis[2-(2’-
bromoisobutyryloxy)ethyl]disulfide (1) at room temperature using GlcNAc-2-
hydroxyethylmethacrylate (GEMA) (2) as monomer in the presence of CuCl, CuBr2 and 2-2’-
bipyridine in a mixture of methanol/water. In this way we gained densely grafted yet uniform 
glycopolymer brushes on the gold surface. The surfaces were analyzed via AFM (atomic force 
microscopy) and the growth of the brush could be measured at high 
magnification. (Figure 2A)/B)) However, the image was slightly distorted due to irregularity of 
the gold deposition and the roughness of the foil. Although this should not interfere with lectin 
recognition of the glycan on the surface, we performed fluorescence microscopy of the foils 
after incubating them with FITC labeled GS-II, to make sure that binding takes place. A clear 
fluorescence signal was detected giving a hint that lectins indeed bind to this surface. (Figure 3) 
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Next, we elongated GlcNAc on the surface with recombinantly expressed human β1,4-
galactosyltranferase-1 (β4GalT) to yield N-acetyllactosamine (LacNAc) (3) utilizing UDP-α-
D-galactose as donor substrate. LacNAc was used as an intermediate to perform a second 
enzymatic reaction using recombinant α1,3-galactosyltransferase (α3GalT) originating from 
mouse yielding the final Galili-epitope (4). The three surface bound glycans were analyzed by 
FITC-GS-II and green fluorescent protein (eGFP) labeled TcdA-R. The latter as well as the 
non-labeled version of it was expressed with an N-terminal His6-Tag recombinantly in E.coli 
BL21(DE3) pLysS to maximize the yield of soluble protein. Whereas GS-II shows increased 
fluorescence signal on GlcNAc it did not bind at all to Galili-structure. In contrast, TcdA-R 
gave a fluorescence signal on Galili-structure but not with GlcNAc presenting brushes. 
(Figure 3) Remarkably, all fluorescence measurements were carried out without any further 
blocking steps with BSA of the surface indicating the very good anti-fouling properties of the 
glycopolymer brushes which we also observed on silicon surfaces.[23] Due to the high grafting 
density glycan specific binding of lectins is also achieved on the perforated gold foil.  
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Figure 3. Measuring set-up of the flow-through LSPR biosensor and picture of the actual device (upper 
part), general scheme of the polymerization process (middle part) and enzymatic synthesis with 
respective fluorescence lectin analysis (green) and dark field images of the foils (lower part). GS-II 
clearly binds to GlcNAc, whereas no fluorescence is detected on Galili-structure. In contrast TcdA-R 
binds to Galili-structure, but not to GlcNAc. The dark field images of the foils are used for clarification 
of the foil location in fluorescence pictures. Scale bars: 100 µm 
The microfluidic chamber described by Buchenauer et al.[16] was miniaturized for our 
application to a cross-sectional area of 1.75 mm2 and a volume of approximately 0.15 µl using 
standard PDMS soft-lithography technique in combination with photoresist (SU-8) based 
micromolds. The chamber was connected to a fluid distribution system which includes four 
inlet channels in PDMS with integrated micro-pneumatically driven micro valves.[36] The 
chamber was also made by soft-lithography technique. Control of the fluids was assured by 1 
ml syringes and syringe pumps, automated by a LabView program in order to simplify 
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experiments with multiple rinsing steps. Teflon tubes with an inner diameter of 0.3 mm and an 
outer diameter of 0.76 mm were used to connect the devices. For all experiments the flow rate 
was adjusted to 0.25 ml h-1 to ensure a good resolution of the binding process and to prevent 
mechanical deformations of the membrane. With this optimization a 30 times lower volume 
chamber with less than 2 µl dead volume and a lag time of about 3 min instead of 20 min 
compared to the previously described micro reaction chamber[16] has been realized. A broad 
spectrum halogen lamp was used as light source and the light transmission was detected with a 
spectrometer. The transmitted light intensity was used to characterize the biomolecular 
interactions at the nanoaperture and the results were depicted in a common sensorgram for 
kinetics sensing.[16] The overall recovery time of the modified device was determined by the 
bulk refractive index change during a consecutive exchange of sodium chloride (232 g/l) and 
de-ionized water. (Figure 2C) The recovering time after a complete exchange could be reduced 
to 10 min compared to 54 min for the original macrochamber type set-up. Thus, the 
miniaturization of the microfluidic system enables not only faster reaction times but also lower 
analyte consumption. For transmission LSPR measurements the prepared foil is fixed within a 
reaction chamber to force the media to flow through the nanopores. (Figure 3)  
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Figure 4. LSPR sensorgrams for binding of GS-II to GlcNAc presenting brushes (a) and Galili (b) as 
negative control. (c) and (d) represent the binding cruves of TcdaA-R to Galili-structure and GlcNAc as 
negative control, respectively.  
For the binding analysis we applied low protein concentrations of 166.0 nM of GS-II and 
155.0 nM of TcdA-R, which achieved sufficient measuring signals, shown in Figure 4. The 
sensitivity of the LSPR-device is slightly lower, yet in the same order of magnitude, than the 
sensitivity of commercially available SPR devices using Kretschmann configuration.[37] 
However, sensitivity in a nanomolar range is still appropriate for both, medical diagnostics as 
well as lectin-ligand fingerprinting. To prove the ligand specificity via our LSPR device binding 
studies of GS-II and TcdA-R to GlcNAc- and Galili-presenting glycobrushes, respectively were 
performed. (Figure 4 b/d) In general, only a very low unspecific binding to the sensor is 
observed. In fact the specific binding signals increase by an 8-fold on Galili-glycopolymer 
brush sensors compared to GlcNAc presenting surfaces for TcdA-R. (Figure 4 c) From the 
sensorgrams the kinetic parameters kon, koff and KD could be calculated (Table 1). Multivalent 
presentation of glycans increases the affinity of lectins in orders of magnitude. With LSPR low 
nanomolar KD values are calculated for both lectins binding on the highly multivalent 
glycopolymer brushes. We confirm also our previous studies on GS-II binding on GlcNAc-
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glycopolymer brushes by EIS.[30] The outstanding binding properties of multivalent 
glycopoylmer brushes were further proven by inhibition experiments. Here, high IC50 values 
for the corresponding soluble glycan ligand were reported.[23, 28, 38] In contrast, studying ligands 
with low multivalency KD values in the lower µM range are found for lectins.
[39, 40] Most 
importantly, the receptor binding domain of toxin A from C. difficile (TcdA-R) also shows KD 
values of low nM concentrations to Galili-epitope presenting glycopolymer brushes. (Table 1). 
To the best of our knowledge, this is the first time that kinetic data of TcdA-R binding to 
carbohydrates structures in a multivalent environment are reported. In contrast, binding to 
soluble glycans revealed only weak association of TcdA due to the lack of multivalent 
chelation.[41] Multivalent presentation may be especially favorable because the TcdA receptor 
domain bears seven potential carbohydrate recognition sites (CRDs).[42] Due to the flexibility 
of glycopolymer brushes and the high number of glycans in close proximity to each other, 
individual CRDs may “choose” the optimal adjacent glycan ligand for binding. This may take 
place either by intra-brush or inter-brush crosslinking. Taking the koff values into consideration, 
approximate half-lifes of the lectin-carbohydrate complexes were calculated with values of 
about 4 h for TcdA-R and about 7 h for GS-II. The knowledge about half-lifes are important 
indicators for the development of novel carbohydrate-based scavengers of bacterial toxins. The 
rather low sample amount needed in our approach renders these sensors as versatile and 
disposable diagnostic device for monitoring infections with Clostridium difficile by measuring 
the abundancy of TcdA. With high affinity ligands and sensitivity LSPR is in a suitable 
concentration rangefor detection of TcdA with about 35 nM in stool as determined by a 
sandwich ELISA (enzyme-linked immunosorbent assay) (data not published). As in general 
50 mg of stool sample is used in commercially available α-TcdA ELISAs, this would also be 
sufficient for our device, while omitting the time-consuming multi-step ELISA procedure. 
Normally, kon is determined only by the rate of diffusion and is found in ranges of 10
-6-                
10-8 M-1s-1. Both lectins are rather slow binders with values of 10-5-10-6 M-1s-1. This may be 
related to the multiple binding sites in both lectins. GS-II consists of two or four binding sites 
depending if it is originated from leafs or seeds, whereas TcdA-R shows up to seven CRDs.[43] 
This may cause a slower binding of the lectins in general depending on how much binding sites 
are tackled at once. However, comparison of these finding with other lectins reveals that rather 
slow binding is common for this proteins, even if high-affinity ligands are presented.[40, 44, 45]  
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Table 1. Kinetic parameters collected by LSPR for GS-II binding to GlcNAc presenting brushes and 
TcdA-R binding to Galili-epitope.  
 kon [M-1 s-1] koff [s-1] KD [M] 
GS-II 4.50×105 1.63×103 4.80×109 
TcdA-R 1.75×106 2.88×103 2.36×109 
 
4.4 Conclusion 
We conclude that the developed microfluidic flow-through LSPR setup leads to a reduced 
sensor area and consumption of fluid volumes compared to commonly used SPR Kretschmann 
configurations. Nevertheless, this setup provides valid information about lectin binding to 
glycopolymer brush surfaces. We were able to synthesize complex glycanstructures on the 
sensor surfaces utilizing recombinant glycosyltransferases. Glycan specific binding of a plant 
lectin and a recombinantly expressed bacterial enterotoxin binding domain was proven and 
analyzed to gain insight into binding kinetics to multivalent glycopolymer brushes. The 
measurement set-up is variable with respect to presented ligands and represents an economic 
and disposable LSPR set-up for measuring all kind of protein-ligand interactions. In 
combination with our high-affinity glycan-ligands this platform is ideally configured for future 
fast and specific diagnostics of TcdA mediated infections. Broadening the scope of this system 
to other glycan epitopes is easily achieved by performing different enzymatic reactions on the 
surface, giving an high-affinity, low-fouling, yet low-cost and disposable measuring device, 
with variable ligand presentation for binding analysis of lectins. 
 
4.5 Contributions 
R.R.R. produced TcdA-derivatives and recombinant enzymes, performed fluorescence 
microscopy and glycosyltransferase reactions. H.P. performed the synthesis of the monomer 
and the SI-ATRP and analyzed the surface with AFM. V.H.N. conducted LSPR experiments 
and evaluated the raw data. R.R.R. evaluated AFM, plotted the LSPR-data and calculated all 
kinetic parameters. 
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Chapter 5: Micelles from self-assembled Double-Hydrophilic 
PHEMA-Glycopolymer-Diblock Copolymers as multivalent 
Scaffolds for Lectin Binding 
 
Parts of this chapter are considered for publication in: H. Park, S. Walta, R. R. Rosencrantz, 
L. Elling, W. Richtering, A. Böker, Polymer Chemistry, DOI: 10.1039/C5PY00797F 
 
Abstract 
We introduce a novel double-hydrophilic 
hydroxyethylmethacrylate (HEMA) based diblock 
glycopolymer which self-assembles into homogeneous 
spherical micellar structures in water. The micellar structure 
renders surface-oriented N-acetylglucosamine (GlcNAc) 
sugar moieties for strong multivalent glycan-mediated lectin 
binding. Structural analysis and lectin binding is performed 
by microscopy methods, dynamic light scattering (DLS) and two-focus fluorescence correlation 
spectroscopy (2fFCS), revealing a novel micellar type of multivalent sugar binding scaffold 
with high potential for biomedical applications. 
 
 
5.1 Introduction 
Glycopolymers have been subject of increased attention regarding their synthesis in the recent 
years. This is not surprising as glyopolymers unite multivalent presentation of glycans with 
flexible distances of the glycan moieties by controllable synthesis.[1-3] Additionally, polymers 
with biocompatible or biodegradable properties are promising for the synthesis of glyco-
biomaterials for biomedical applications.[4-6] Combining controllable shape and tunable 
behavior in solution, glycopolymers are a versatile artificial glycosylated scaffold for the 
investigation of glycan-protein interactions. Unlike polysaccharides, such polymers consist of 
a polymer backbone and attached saccharide units. They comprise unique and fully tunable 
features in means of size, shape and phase behavior together with the important controlled 
glycan-ligand presentation. The large number of hydroxyl groups of the sugar moieties causes 
the hydrophilicity of these biomolecules; therefore polymerizable neo-glycoconjugates have 
been used to synthesize amphiphilic block glycopolymers. This is achieved by conjugation of 
the hydrophilic glycan-block to a hydrophobic polymer block for applications like emulsion 
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stabilization, drug delivery or for lectin binding studies.[7-9] Amphiphilic diblock glycopolymers 
are shown to self-assemble into various super-structures such as micelles or vesicles. Their 
spherical and three dimensional properties may display much higher affinity towards lectin 
binding due to their larger surface area and therefore multivalent presentation of the glycan-
ligands.[10, 11]  
Lectins are generally known as proteins with considerable binding-specificity for certain 
glycans.[12, 13] Commercially available plant lectins are commonly used in diagnostic assays or 
glycan-based analysis of glycoproteins.[14-18] Human lectins have a huge impact in biomedical 
research and mediate various biological interactions.[19-21] Glycan-protein interactions play 
important roles in tasks so as tumor progression and tumor angiogenesis. These actions are 
depending solely on the cell-type and its glycosylation pattern, the so called cell glyco-code.[22-
25] Furthermore, bacterial toxins or other pathogenic entities are known to bind to their host cell 
via lectin domains as initial step of their pathogeny.[26, 27] Addressing their specific carbohydrate 
ligands lectins are therapeutic and diagnostic targets.  
Glycan presentation with a high number of ligands in close proximity to each other enhances 
binding strength by orders of magnitude. Multivalent presentation is therefore the key element 
of effective glycan-functionalized materials in biomedical applications.[28-30] Recently, 
glycovesicles have been shown to increase the affinity of a tetrameric plant lectin (Con A) about 
40 times due to the multivalent presentation.[31] Moreover, a drastic increase in avidity was 
shown with sequence variation of hetero multivalent glycopolymers once more in the case of 
ConA.[32] These results encourage the use of glycopolymers as scaffolds for multivalent 
presentation and investigation of lectin-glycan interactions. ConA, however, is an example of 
a tetrameric lectin bearing both adjacent and opposite binding sites. In contrast, increased 
avidity towards multivalent scaffolds may not be found for all lectins just by increasing the 
number of presented ligands.[33] This highlights the urge of tailored materials to produce high-
affinity controlled ligand presentation in glycoscience, especially as there are various lectins 
with differing structures known.[34] Nevertheless, targeted drug release or tissue imaging may 
be realized by utilizing glycan-lectin interactions as steering wheel, guiding the containers to 
their destination.[35-37] Such containers need to bear a more hydrophobic interior for interaction 
with the imaging dye or drug and a sugar coat for targeting purposes and high affinity towards 
their receptor. Encouragingly, it has been reported that amphiphilic mucin-mimicking 
glycopolymers are readily incorporated into cell membranes and undergo intracellular 
trafficking.[38] However, the formation of micelles and therefore the action as container of these 
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structures is unlikely, because of the size relations between large hydrophilic glycopolymer and 
small hydrophobic end groups.   
So far, owing to the synthetic difficulty, less research has been directed towards the synthesis 
of double-hydrophilic glycopolymers, which are capable of micelle formation. Most micellar 
or vesicular synthesis approaches combined glycans or glycopolymers with small aliphatic 
molecules to form multivalent glycovesicles.[39-41] However, very good binding of lectins to 
these has been shown. Recently, we produced multivalent glycopolymer brushes on silicon 
surfaces by surface-initiated atom transfer radical polymerization (SI-ATRP) with additional 
enzymatic elongations of glycans directly on the silicon substrate.[42] This system does not only 
bear high multivalency but also enables the simultaneous binding of adjacent as well as 
opposing binding sites. Neighboring binding sites may interact via intra-brush crosslinking, 
whereas opposite sites act as inter-brush crosslinkers. Both effects are maintained by flexibility 
of the brushes on the one hand and high grafting density on the other.  
In collaboration with S. Walta and Prof. Dr. W. Richtering from RWTH Aachen, Institute for 
Physical Chemistry (Aachen, Germany) as well as Dr. H. Park and Prof. Dr. A. Böker from 
DWI Leibniz-Insitut für Interaktive Materialien (Aachen, Germany), ATRP was applied for the 
synthesis of well-defined double hydrophilic self-assembling glycopolymer micelles. The 
micelles should maintain the same good binding abilities as shown for surface grafted brushes 
due to low distance between two glycans in the micelle’s sugar corona. Interestingly, the 
micelles were formed although the diblock copolymer consists of two rather hydrophilic blocks. 
The self-assembly of double-hydrophilic block copolymers by slight differences in overall 
hydrophilicity of the blocks was recently investigated.[43] However, no biological application 
was proven so far. Our structures were first analyzed by TEM and DLS. The critical micelle 
concentration (CMC) was determined by incorporation of small hydrophobic molecules. 
Additionally, we investigated the polarity and container properties of the self-assembled 
aggregates by incorporation of the polarity-sensitive fluorescent dye Nile Red. Confocal laser 
scanning microscopy and fluorescence spectroscopy were carried out with the dyed micelles. 
Finally, lectin binding to the micelles and determination of the binding strength was carried out 
by 2fFCS.  
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5.2 Experimental section 
5.2.1 Synthesis of diblock glycopolymer 
The diblock glycopolymer consists of one block of poly(2-hydroxyethyl methacrylate) 
(PHEMA) and a block of poly(2-O-(N-acetyl-β-D-glucosamine)ethyl methacrylate) 
(PGlcNAcEMA) (Scheme 1). For the preparation of diblock glycopolymer PHEMA-b-
PGlcNAcEMA (4), firstly PHEMA (2) was synthesized by ATRP starting from HEMA (1). 
 
 
Scheme 1. General scheme for the synthesis of PHEMA-b-PGlcNAcEMA. 
A representative polymerization reaction is as followed: 15.0 mL (123.50 mmol) HEMA was 
placed into the reaction flask and stirred in 15.0 mL of methyl ethyl ketone (MEK)/1-propanol 
= 7/3 (v/v). The reaction mixture was degassed with nitrogen and preheated to 50 °C for 20 min. 
Then, 354.32 mg (2.47 mmol) CuBr, 0.77 g (4.94 mmol) bipyridine and 362.5 µL (2.47 mmol) 
ethyl α-bromoisobutyrate were added and stirred under a nitrogen stream until homogeneous 
dark brown solution is formed. The reactor was degassed with nitrogen for further 20 min. The 
polymerization was proceeded at 50 °C for 24 h. After purification of PHEMA the MN was 
determined via gel permeation chromatography (GPC) giving a molecular weight average of 
3940 gmol-1 with polydispersity MW/Mn of 1.14. The second block based on a polymerizable 
N-acetyl-glucosamine (GlcNAc) derivative (GlcNAcEMA, 3) was then added utilizing ATRP 
again, now with the PHEMA-block as macroinitiator. 1.08 g (3.25 mmol) of the glycomonomer 
was stirred in 10 mL methanol/water = 1/1 (v/v) until the complete dissolution and 
deoxygenated by nitrogen purging. 5.15 mg (0.052 mmol) CuBr, 2.90 mg (0.013 mmol) CuBr2, 
20.30 mg (0.13 mg) 2,2’-bipyridine and 291.64 mg (0.065 mmol) macroinitiator were added 
and stirred under a nitrogen stream for 20 min. The reaction was performed at room temperature 
for 15 h. The purified polymer was freeze-dried and a white polymer was obtained. The 
molecular weight of diblock glycopolymer was determined by GPC and amounted to 
5524 g mol-1 with a low dispersity of 1.11, indicating a uniform size of the polymers. However, 
due to the poor comparability of polymethylmethacrylate (PMMA), which was used for 
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calibration of GPC, we performed additional MALDI-TOF analysis, giving a MW of 
6230 g mol-1. Taking the results together we estimate a degree of polymerization (DP) of about 
30 for the PHEMA and a DP of approx. 5 for the PGlcNAcEMA block.  
 
5.2.2 Protein treatment 
Lectins GS-II was purchased from Vector Laboratories (Burlingame, CA, US) as FITC 
conjugates. As residual unbound dye was interfering with the measurements, it was purified via 
size exclusion chromatography (SEC) utilizing Sephadex® G-25 with LB (with 10 mM 
HEPES-NaOH, pH 7.5, 150 mM NaCl, 0.1 mM CaCl2) to give a protein concentration of 
20 µg ml-1.  
 
5.2.3 CMC determination 
For CMC determination 5 mg benzoylacetone (Sigma-Aldrich, Steinheim, Germany) was 
dissolved in 500 mL bi-destilled water. Different concentrations of PHEMA-b-PGlcNAcEMA 
were dissolved in 100 µL of this solution and the absorption spectra were recorded utilizing a 
microtiterplate reader. The CMC is determined as the concentration where the absorption band 
at 315 nm reaches its minimum. 
 
5.2.4 Viscosity determination 
The dynamic viscosity is an important parameter in the Stokes-Einstein equation, in order to 
obtain the hydrodynamic radius from the diffusion coefficient. The dynamic viscosity was 
calculated by the equation η = ν∙ρ, whereas the density was determined with a DMA-5000 
density meter (Anton-Paar, Germany). The kinematic viscosity was measured with a Lauda 
PVS viscosity system. For this purpose a Micro-Ostwald capillary (No. 1065402, capillary 
constant 0.0106 mm2/s2) was used. Thus, a dynamic viscosity of 0.9195 ± 0.0009 mPa∙s was 
obtained for aqueous buffer solution (LB) used in DLS and 2fFCS measurements. The 
temperature was set to 25°C.  
 
5.2.5 Dynamic Light Scattering (DLS) 
DLS measurements were performed on a standard ALV setup equipped with HeNe laser (JDS 
Uniphase, 633 nm, 35 mW), digital hardware correlator (ALV 5000), two avalanche photo 
diodes (Perkin Elmer, SPCM-CD2969), goniometer (ALV, CGS-8F) and light scattering 
electronics (ALV, LSE-5003). Highly diluted samples were prepared to prevent multiple 
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scattering. Before measurements, the samples were filtered several times through regenerated 
cellulose filters (Sartorius) with a pore size of 0.2 μm. Measurements were recorded in 
pseudocross correlation mode. The scattering angle was varied between 30° and 142° in steps 
of 4° for PHEMA-b-PGlcNAcEMA and between 34° and 124° in steps of 3° for GS-II. 
Measurement times were 90 s and 240 s, respectively. The temperature was set to 25°C. Data 
were evaluated in the following way: intensity autocorrelation functions were transformed to 
electric field autocorrelation functions by use of the Siegert relation. A second order cumulant 
analysis was applied to obtain the decay rate 𝛤2. The cumulant fit range was limited between 
the lag time of 10 µs and the lag time where the electric field autocorrelation function amplitude 
had decayed to 30 percent of the experimental maximum value. 𝛤2 was plotted against the 
square of the scattering vector 𝑞, the mean diffusion coefficient ?̅? was obtained from the 
equation 
𝛤2 = ?̅?𝑞
2                                                                       
 
The hydrodynamic radius 𝑅ℎ was calculated by use of the Stokes-Einstein equation.  
 
5.2.6 Two-Focus fluorescence correlation spectroscopy (2fFCS) 
2fFCS measurements were performed on a time-resolved confocal fluorescence microscopy 
system (PicoQuant, MicroTime200 with dual-focus option). For excitation, two perpendicular 
polarized pulsed laser beams (wavelengths of 470 nm or 637 nm were used) are combined with 
a broadband polarizing beamsplitter cube (Ealing Catalog) and then coupled into a polarization 
maintaining single mode fiber. The laser pulses are generated by two identical laser diode heads 
(Picoquant, LDH-P-C-470 or LDH-P-C-635B) with an overall repetition rate of 40 MHz and 
thus a temporal distance of 25 ns between successive pulses. The synchronization of the laser 
pulses (so-called pulsed interleaved excitation[44]) with alternating orthogonal polarization is 
achieved by laser driver electronics (PicoQuant, PDL 828 “Sepia II”). At the fiber output the 
light is collimated by a lens and afterwards reflected by a dichroic mirror (AHF-
Analysentechnik, z470/532/637rpc) towards the water-immersion objective (Olympus, 
UPLSAPO 60xW, 1.2 N.A.). Prior to the dichroic mirror, the total laser power was adjusted to 
approx. 25 µW. In front of the objective a Nomarski prism (Olympus, U-DICTHC) is located, 
which deflects the incoming laser pulses in two different directions according to their 
corresponding polarization. After focusing the light through the objective of the inverted 
microscope (Olympus, IX71), two overlapping but laterally shifted foci are generated in the 
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sample. The particle diffusion is only dominated by the time a particle needs to diffuse from 
the first focus to the second focus, so it only depends on the distance between the focal volumes 
but not their exact size and shape. Because this interfocal distance remains constant over time 
for a given wavelength, it enables us to measure absolute values of the diffusion coefficient.[45] 
The fluorescence light is collected by the same objective, passed through the prism and the 
dichroic mirror. It is then focused onto a confocal pinhole of 75 µm diameter to block out-of-
focus light and achieve a good signal-to-noise ratio. After additional collimation, the light 
passes through laser clean up filters (AHF-Analysentechnik, HQ505/30m for 470 nm, 
HQ687/70m 637 nm). Both beam contributions are guided by a non-polarizing beam splitter 
cube onto the active area of two single photon avalanche diodes (Micro Photon Devices, PDM 
series). A dedicated time-correlated single photon counting (TCSPC)[46] electronics 
(PicoQuant, PicoHarp 300) is used to refer every detected photon to its arrival time from the 
start of the experiment and with respect to the last laser pulse. It is known for every recorded 
photon which laser pulse has excited it and thus in which focus the photon was generated. 
Autocorrelation functions (ACFs) for each focus and cross-correlation functions (CCFs) 
between the two foci are calculated from the photon arrival time traces with a specific algorithm 
based on a multiple-tau approach[47], but only for photons from different detectors to avoid 
afterpulsing artifacts.[48] A custom-made Matlab routine was used for computation. 
For subsequent data fitting it has to be taken into account that the fluorescence intensity depends 
on the detection efficiency and the shape of the molecular detection function (MDF) in both 
foci. In 2fFCS the MDF is described by a two-parameter model based on a modified three-
dimensional elliptic Gaussian distribution[45]: 
 
𝑈(𝑟) =  
𝜅(𝑧)
𝑤2(𝑧)
𝑒𝑥𝑝 [−
2
𝑤2(𝑧)
(𝑥2 + 𝑦2)]                                                   
 
with the beam waist function  
𝑤(𝑧) = 𝑤0 [1 + (
𝜆𝑒𝑥 𝑧
𝜋 𝑤0
2 𝑛
)
2
]
1/2
                                             
 
and amplitude function 
 
𝜅(𝑧) = 1 − 𝑒𝑥𝑝(−
2𝑎2
𝑅2(𝑧)
) ,                                                         
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where 𝑅(𝑧) is given by  
 
𝑅(𝑧) = 𝑅0 [1 + (
𝜆𝑒𝑚 𝑧
𝜋 𝑅0
2 𝑛
)
2
]
1/2
 .                                                   
 
In the above equations {𝑥, 𝑦, 𝑧} are Cartesian coordinates with 𝑧 along the optical axis, 𝜆𝑒𝑥 
refers to the excitation wavelength, 𝜆𝑒𝑚 to the center emission wavelength, n is the refractive 
index of the immersion medium (water), 𝑎 denotes the radius of the confocal pinhole divided 
by magnification, and 𝑤0 and 𝑅0 are two initially unknown model parameters that are 
determined by the fit. Taking together the parameterization of the MDF for each focus and the 
solution of the diffusion equation (Green function), the following function is used to fit the 
ACFs and CCFs: 
 
𝑔(𝜏, 𝛿) = 
𝑔∞(𝛿) +
𝜀1𝜀2𝑐
4
√
𝜋
𝐷𝜏
∫ 𝑑𝑧1 ∫ 𝑑𝑧2
+∞
−∞
𝜅(𝑧1) 𝜅(𝑧2)
8𝐷𝜏 +  𝑤2(𝑧1)  + 𝑤2(𝑧2)
+∞
−∞
× 
𝑒𝑥𝑝 [−
(𝑧2−𝑧1)
2
4𝐷𝜏
−
2𝛿2
8𝐷𝜏 + 𝑤2(𝑧1) + 𝑤2(𝑧2)
] ,                                              
 
where 𝜏 is the correlation or lag time, 𝛿 the interfocal distance, 𝐷 the diffusion coefficient, 𝑐 
the concentration of particles and 𝜀1and 𝜀2 denote the overall detection efficiencies from both 
focal volumes. This model curve can be applied to the measured ACFs (𝛿 = 0, 𝜀1𝜀2 replaced 
by either 𝜀1
2 or 𝜀2
2) and CCFs simultaneously in a global fit with a linear least-square fitting 
approach including, among others, 𝛿 and 𝐷 as fit parameters. By measuring fluorescent 
solutions with known diffusion coefficient 𝛿 can be calculated.[49] In this work, interfocal 
distances of 𝛿 = 259 nm (for 𝜆𝑒𝑥 = 470 nm) and 𝛿 = 287 nm (for 𝜆𝑒𝑥 = 637 nm) were 
determined. The model curve can be extended by additional terms to account for two 
fluorescent components or triplet blinking. 
In this work, measurements took place in sealed sample cells to prevent solvent evaporation 
and to make use of homemade temperature regulation.[50] The sample temperature was set to 
25°C with an absolute accuracy of ± 0.1°C. LiChrosolv (Merck, No. 115333), clean water for 
chromatography, was used for sample preparation. The measurement time was chosen in such 
a way to detect around 4 × 106 photons per measuring point. The collected photons were 
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divided into 2 × 106 photon packages, thus two packages per point and overall 20 at least (10 
packages for inhibition measurements at least). The resulting ACFs and CCFs (two of each for 
every package) were averaged and fitted by a two-component model in the case of GS-II and a 
one-component model including triplet blinking in the case of BSA. 
 
5.2.7 Fluorescence spectroscopy 
A 0.8 mM Nile Red stock solution was prepared in ethanol and diluted 1000-fold in the diblock 
glycopolymer system. Fluorescence spectra were obtained at room temperature using a Jasco 
FP-6500 Spectrofluorometer under the following conditions: excitation wavelength at 595 nm 
and fluorescent emission range between 610 and 750 nm, 3 nm slit width for excitation and 
emission, resolution 0.1 nm and a scan speed of 60 nm/min.    
 
5.2.8 Microscopy 
Confocal laser scanning fluorescence microscopy is performed on a Leica TCS SP8 to visualize 
fluorescent micelles. For this purpose, we used the same Nile Red concentration in the micellar 
diblock glycopolymer solution as with fluorescence spectroscopy measurements.  
TEM images were obtained using a Zeiss LibraTM 120 Microscope. The accelerating voltage 
of the electron beam was set at 120 kV. A drop of the sample was trickled on a carbon-coated 
copper grid. Then, the copper grid was air-dried under ambient conditions.  
In situ TEM experiments were performed at a Zeiss Libra 200FE apparatus equipped with in-
column energy filter and Köhler illumination at 200 kV. An about 100 eV energy window at 
the most probable loss of the water plasmon was utilized for image generation. The sample was 
prepared by pipetting a 0.5 μL droplet between two Si3N4-membranes, which were in a 
Hummingbird scientific in situ sample holder. To reduce contamination artifacts and improve 
the wettability of the otherwise hydrophobic membranes, an air-plasma was applied for 10 s. 
The water-plasmon in the EELS-spectrum was repeatedly captured during imaging to prove the 
presence of a liquid film in the sample. Furthermore, occasional diffusion of particles into or 
out of the focus plane was taken as proof for the presence of the solvent. Magnification was 
from 16,000 to 25,000 times.  
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5.3 Results and discussion  
For electron microscopy analysis the diblock glycopolymer was dissolved in water at a molar 
concentration of 3.2·10-4 mol L-1. Figure 1 a-c presents the micrographic images of PHEMA-
b-PGlcNAcEMA.  
 
Figure 1. Micrographs of PHEMA-b-PGlcNAcEMA. a) and b) are obtained by TEM. c) by in situ TEM. 
The scale bars represent 100 nm. 
Uniformly distributed dark spherical structures with sizes around 21 nm in radius are obtained 
by TEM measurements (Fig. 1 a and b). In addition, about 5 % of all particles are visualized as 
large aggregates, these can be observed in the in situ TEM micrograph (c). It is noteworthy that 
the aggregates undergo dynamical formation and disruption, which was tracked by in situ TEM. 
However, the smaller micellar structures are still the dominating species and monodisperse in 
size distribution as measured later on with DLS.  
The formation of ordered structures was surprising as the synthesized block copolymers are 
composed of two rather hydrophilic blocks: one water soluble glycooligomer consisting of 
PHEMA conjugated to GlcNAc and a water swellable pure PHEMA block. Despite the double 
hydrophilicity, these block glycopolymers form spherical particle structures in aqueous 
environment. We assume so far that the more hydrophilic glycan moieties form a corona at the 
outside, therefore these structures maintain a micellar structure. 
By analyzing the absorption spectra of benzoylactone (BZA) at different concentrations of 
blockcopolymer (see supporting information, Figure S5) it was possible to determine an 
apparent critical micelle concentration (CMC). BZA shows two absorption bands; one at about 
250 nm the other at about 315 nm, based on the existence of a ketonic- and an enolic, 
respectively. In aqueous solution the ketonic form and therefore the band at 250 nm is more 
present, in contrast hydrophobic environments promote the enolic form and shift the absorption 
band to 315 nm. This makes BZA a suitable chemical marker molecule for CMC 
determinations, as the environment inside a micelle changes the hydrophobicity in comparison 
to the surrounding media.[51-53] Interestingly, our measurements showed that at very low 
concentrations of the block copolymer the band at 250 nm was dominating, whereas at high 
 
95 
 
polymer concentrations the band at 315 nm became more pronounced. In this way we were not 
only able to determine a CMC of approx. 0.4 g L-1 (0.06 mmol L-1), but also to get a hint that 
the interior of the structure indeed is more hydrophobic than the surrounding media, which 
supports our assumption of a micellar structure. In such a structure the glycans are localized on 
the outside and the PHEMA block forms the interior. However, the band at 315 nm even at high 
concentrations of 4 is not as pronounced as with common surfactant systems, this may be caused 
by the still quite hydrophilic properties of PHEMA. Nevertheless, this gives an excellent 
opportunity of incorporation of small hydrophobic molecules and usage of our system as 
molecular container combined with targeting abilities of the rendered glycans. 
To probe the abilities of our system to act as a transporter for, e.g., imaging purposes, we 
investigated the incorporation of the fluorescent dye Nile Red. It was shown that the 
fluorescence of Nile Red is environment-sensitive and drastically enhanced in a hydrophobic 
environment.[54-56] In our diblock glycopolymer solution we found a dominant increase in the 
fluorescence intensity as well as a spectral blue shift of the emission wavelength compared to 
the fluorescence in pure water. Both is caused by exposition of Nile Red to a more hydrophobic 
environment as it is provided by the interior of the micelles. It should be noted, that the 
aforementioned effects only occur above the CMC.  
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Figure 2. (a) Emission spectra of Nile Red in pure water (black line) and in micellar solution from 
PHEMA-b-PGlcNAcEMA (red line). The dashed vertical line indicate the position of the respective 
emission maximum; (b) and (c) Images obtained by confocal laser scanning microscope. The scale bars 
represent 5 µm. 
As shown in Figure 2 a the emission wavelength decreases by 10 nm as soon as block copolymer 
in concentrations above the CMC is present. This relies on Nile Red abilities of working as 
highly polarity-sensitive fluorescent probe, which was used previously to determine 
hydrophobicity of protein surfaces or polymer films.[55-57] Therefore, we expect to gain more 
insight about the assembly and polarity of the aggregates. Normally, statements about polarity 
using Nile Red are related to mixtures of water and organic solvents.[56] Taking that into account 
a decrease of 10 nm in emission maximum equals the polarity of a binary mixture containing 
50 % methanol in water.[57] This leads to a quite high change in relative permittivity, 
considering the low concentration of polymer in solution. Therefore, this change may only be 
explained by incorporation of the dye molecules into a more hydrophobic nano-environment, 
which means a high local concentration of residues with lower relative permittivity. This 
confirms the presence of expected micellar structures as we suggested. Furthermore, 10 nm of 
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blue shift of emission wavelength correlates with an interior of the micelles not as hydrophobic 
as observed for different polymers and nonpolar organic solvents, where the spectral shift is 
more pronounced.[55-57]    
Utilizing the incorporated dyes fluorescence character, we could image an overview of the 
micelles in water using confocal laser scanning fluorescence microscopy. Once more we detect 
some large aggregates (Figure 2 b), but also visualize nanosized entities with red fluorescence 
(Figure 2 c). We conclude that the polymers self-assemble into micellar structures in aqueous 
environment, although combining rather hydrophilic blocks. These micelles may also serve as 
nano-containers for small hydrophobic molecules. The phenomena of controlled self-assembly 
of double-hydrophilic block copolymers in water was mostly overlooked so far, thus proven 
and studied for poly(ethyleneoxide)-poly(2-methyl-2-oxazoline) diblock copolymers.[43] 
However, the usage of PHEMA as less hydrophilic block in our case is advantages for 
biomedical applications as PHEMA is known to be a biocompatible polymer. Furthermore, the 
glycopolymer block should bear a high biological coding capacity for tissue or cell targeting. 
Hence, we next wanted to investigate, if the glycans are accessible for lectin binding and show 
high affinity for their corresponding glycan. If binding is detected, this will confirm our idea 
PGEMA forming the hydrophilic corona of the micelles and lead directly to the possibility of 
glycan-targeted dye or drug transport. 
Following binding and size analysis of the structures carried out via DLS and 2fFCS 
measurements. With 2fFCS binding events even to such small structures should be possible to 
identify by change of the diffusion constant. As the micelles render GlcNAc we choose lectin 
II from Griffonia simplicifolia (GS-II) as GlcNAc specific lectin to quantify the binding in a 
biological context. GS-II is known as a homodimer with up to four carbohydrate recognition 
domains (CRD) and has reported MW of 120 kDa.[58, 59]  
DLS was used as complementary technique to get more precise size information of both, 
diblock glycopolymer and lectin. GS-II was dissolved in an aqueous buffer solution (LB: 
10 mM HEPES-NaOH, pH=7.5, 150 mM NaCl, 0.1 mM CaCl2) to provide Ca
2+-ions for 
keeping the lectins structural integrity. A molar concentration of GS-II of 9 µmol L-1 was used 
to provide sufficient signal intensity. PHEMA-b-PGlcNAcEMA was dissolved in the same 
buffer solution with a concentration of 0.5 mmol L-1 to ensure micelle formation above the 
CMC. Both solutions were filtered with a 0.2 µm filter to remove impurities. The decay rate 
obtained from the second order cumulant fit plotted against the square of the scattering vector 
q for PHEMA-b-PGlcNAcEMA (squares) and GS-II (circles) is presented in Figure 3 a.  
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Figure 3. (a) 2nd order decay rate with q2 for GS-II (circles) and PHEMA-b-PGlcNAcEMA (squares). 
Linear regressions are indicated by solid lines. (b) Normalized cross correlation functions with lag time 
for GS-II (circles) and GS-II upon addition of PHEMA-b-PGlcNAcEMA (triangles). Two-component 
fits are indicated by solid curves. The dashed lines display the particular inflection points 
By linear regression of the decay rates in dependency of q the diffusion coefficient for both 
samples is calculated. As a good linearization of PHEMA-b-PGlcNAcEMA data is reached a 
relatively narrow size distribution of micellar structures in solution is most likely.[60] A 
hydrodynamic radius of 16.7 ± 0.1 nm was calculated, which verifies the observations made by 
microscopy. The polymers appear slightly bigger in TEM as soft matter tends to flatten on the 
TEM grid. For GS-II a hydrodynamic radius of 7.5 ± 0.1 nm was obtained using an analogue 
calculation. 
Fluorescence correlation spectroscopy (FCS) is well-suited to monitor binding processes by 
measuring changes in diffusion characteristics with high sensitivity and rather low sample 
volumes considering the confocal volume.[32, 61] However, standard FCS measurements are 
affected by many parameters like different properties of the optical setup, refractive index 
mismatch, and the photophysics of the used fluorophores. This makes it rather difficult to obtain 
absolute values of the diffusion coefficient. To overcome these problems 2fFCS can be used as 
an improved version of the standard confocal FCS setup.[45, 49] In this work, the protein binding 
was analyzed using FITC labeled GS-II at a molar concentration of 17 nmol L-1., which was 
sufficient for a good signal to noise ratio. Unlabeled block glycopolymer was used at a 
concentration of 0.25 mmol L-1, once more micellation is ensured by staying above the CMC. 
Complete diagrams with auto and cross correlation functions and their fits, for GS-II and 
PHEMA-b-PGlcNAcEMA, respectively, are presented in the ESI (Figure S6 and S7). As we 
assumed the presence of residual FITC (not chemically attached to GS-II) cross correlation 
functions (CCFs) were fitted using a two-component fit model of diffusion (Figure 3b, solid 
curves). Indeed, the GS-II stock solution was purified by SEC (see supporting information, 
Figure S4), but still a certain fraction of about 30% of free dye still remained. As the coupling 
chemistry between dye and GS-II is unknown, a bond rupture is also possible. 
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To verify binding of GS-II to the micelles the normalized and averaged CCFs are plotted against 
the lag time of freely diffusing GS-II (circles) and GS-II upon addition of PHEMA-b-
PGlcNAcEMA (triangles). (Figure 3b) As the inflection points of the CCFs are significantly 
different (shown by the dashed lines in Figure 3b) a clear change in diffusion time is imminent. 
This means that, after addition of PHEMA-b-PGlcNAcEMA, GS-II binds to the diblock 
glycopolymer. The hydrodynamic radii obtained from the fits are in good agreement with DLS 
and TEM analysis: 6.8 ± 0.1 nm for GS-II and 15.4 ± 0.2 nm for GS-II upon addition of 
PHEMA-b-PGlcNAcEMA. The slightly larger radius provided by TEM is caused be flattening 
of the soft micelles on the target. We conclude that little or no unbound GS-II remained in 
solution after addition of diblock glycopolymer, which hints to strong multivalent glycan-
mediated protein adsorption. It was important to keep the GS-II concentration low enough to 
prevent an excess of GS-II in solution as this would hamper the calculations. To get more 
information about the binding properties of the micelles we inhibited binding of GS-II with free 
dissolved GlcNAc at various concentrations and performed 2fFCS measurements under these 
conditions (Figure 4).  
 
Figure 4. Inhibiting the binding of lectin GS-II to the micelles with different concentrations of 
GlcNAc,via displacement (●), that is the inhibition of binding by adding GlcNAc after incubation of 
micelles and GS-II as well as competition (□), which is the addition of GlcNAc and GS-II 
simultaneously to the micelles.   
Displacement experiments were carried out by adding soluble free GlcNAc after GS-II has been 
incubated together with the micelles and the binding events are assumed to be completed. 
Competitive inhibition in contrast describes the simultaneous addition of GS-II and GlcNAc to 
the micelles. Therefore, in the latter approach the lectin “decides” which presentation mode of 
GlcNAc is more favored: dissolved free GlcNAc or multivalent micelle. From these 
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experiments IC50 values, describing the concentration of inhibitor, where 50 % of maximum 
binding is left, are obtained. Meanwhile GS-II and PHEMA-b-PGlcNAcEMA concentrations 
were held constant. The inhibition experiments provided IC50 values of 1.627±0.3950 mM and 
1.049±0.2613 mM for displacement and competitive inhibitions, respectively. In comparison 
with the inhibition of hemagglutination activity of GS-II by soluble GlcNAc, which is about 
0.048 mM for complete inhibition, these values are surprisingly high.[62] This supports our 
assumption that the glycans are on the outside of the micelles and accessible for biomolecular 
interactions. Moreover, the high multivalency of the micelles ensures outstanding binding 
capabilities towards lectins. To confirm the specificity of binding further experiments were 
done by substituting GS-II with bovine serum albumin (BSA) labeled with Alexa Fluor 647 as 
non-binder. BSA does not comprise any lectin activity towards glycan moieties. The 
measurements showed that the diffusion coefficient of BSA did not change upon addition of 
PHEMA-b-PGlcNAcEMA (Figure S8 and S9). This supports that our synthesized double 
hydrophilic self-assembling glycopolymer acts as highly specific ligand for GS-II. 
 
5.4 Conclusions 
In this chapter, PHEMA-b-PGlcNAcEMA diblock glycopolymer and its structure in water 
observed using microscopy measurements such as TEM and in situ TEM is described. Although 
the synthesized polymer is composed of two rather hydrophilic parts, the resulted double-
hydrophilic diblock glycopolymers have shown to self-assemble readily into micellar particle 
structures in aqueous systems. The measured size of micellar particles was around 16 nm in 
radius by DLS and 2fFCS. TEM showed slightly larger values due to flattening on the TEM-
grid. The lectin binding ability of the micelles was observed by 2fFCS, showing excellent 
specific binding of lectin GS-II with very high IC50 values for the inhibition of binding. 
Moreover, we proved the incorporation of small hydrophobic hardly water soluble molecules 
leading to the conclusion, that the micelles may serve as transporter for dyes or other 
hydrophobic small molecules. Comparison of the emission spectra of the polarity-sensitive 
fluorescent probe Nile Red in different reported systems showed a surprisingly high shift in 
relative permittivity. This proves the formation of micelles as this shift may be explained by a 
high local concentration of hydrophobic molecules as it is found in micelles. Although the 
micelles show double-hydrophilic properties they are capable of solubilisation and 
incorporation of small hydrophobic molecules. Our system based on biocompatible polymers 
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may hence be elaborated to act as nano-container for drugs or dyes with specific cell or tissue 
targeting by multivalent and strong glycan-protein interactions.  
 
5.5 Contributions  
H.P. performed the synthesis of the monomer and the SI-ATRP and analyzed the surface with 
TEM. R.R.R. optimized lectin purification, evaluated in situ TEM determined the CMC and 
performed confocal laser scanning microscopy experiments. S.W. conducted DLS and 2fFCS 
experiments and evaluated the data. R.R.R. evaluated the inhibition data. 
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Chapter 6: How to control multivalency? - Gradient glycopolymer 
brushes for mapping the optimal lectin binding environment 
 
This chapter is considered for publication: R. R. Rosencrantz, H. Park, F. Roghmans, N. 
Bornwasser, A. Böker, L. Elling, Macromolecular Rapid Communications, in preparation. 
 
Abstract 
A versatile platform for analyzing the preferred multivalent 
lectin binding environment is presented. By grafting from a 
silicon surface we synthesized N-acetylglucosamine 
(GlcNAc) containing glycopolymer brushes and employed 
a dip-coating procedure to ensure a gradient in brush length 
on the wafer. The surfaces were characterized by in situ 
ellipsometry to image the gradient with a maximal brush 
length of 10 nm in the swollen state. The GlcNAc 
glycopolymer brushes were utilized as substrates for 
recombinant glycosyltransferases to build-up oligosaccharide structures on the chip surface. 
Each glycosylation step was investigated by binding of three plant lectins and human galectin-
3. We determined the preferred ligand of each lectin and investigated the influence of brush 
length on lectin binding by spatial resolved fluorometry. The binding profiles of the lectins 
were recorded in dependence of brush length and the presented glycan structure. Each lectin 
shows distinct binding maps and glycan ligand fingerprints. Even lectins with similar glycan 
preference can be distinguished by the binding profile to brushes of different lengths. This 
system gives new insight into the influence of multivalency on lectin binding and may be used 
to understand structure-function relationships, tailor capture compounds, and synthesize 
selective high affinity lectin inhibitors.  
 
 
6.1 Introduction 
Glycans are a ubiquitous class of highly complex biomolecules involved in numerous biological 
processes in eukaryotic cells.[1-5] They are involved in cell adhesion processes[6], pathogen 
invasion[7], signal transduction[8], and cancer progression[9, 10], just to name a few. About 2 % 
of all mammalian genes express enzymes involved in glycan synthesis, and 50 % of all human 
proteins are glycosylated, which makes glycosylation one of the major post-translational 
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modifications.[11] However, the interesting actions of glycans take place at the interphase 
between cell and extracellular space: the glycocalix, part of the extracellular matrix (ECM).[12-
14] Here, the crosstalk of glycans and glycan recognizing and binding protein, the lectins, takes 
place.[15-17] In general, the affinity of a lectin towards the appropriate glycan-ligand is rather 
low and dissociation occurs rapidly. In contrast, binding avidity describing the multivalent 
interaction between a receptor and its ligand is extraordinarily high.[18, 19] Therefore, protein-
glycan affinity increases dramatically as soon as the presentation mode of the glycans is 
changed to multivalent ligand display. In nature this is realized on the molecular level by 
branched structures as well as by heavily glycosylated compounds in close proximity to each 
other, like in the glycocalix.[20] This effect of strong binding enhancement by multivalent ligand 
display is introduced as the “cluster glycoside effect” and is crucial in biomaterials science 
aiming for lectin-glycan interaction.[21-23]  
Biomaterials based on these molecular interactions are sought after for various applications 
including biosensors, drug targeting, and inhibition of certain lectins invoved in tumor 
progression.[24-26] Various materials were evaluated for multivalent glycan display with high 
specificity and affinity towards the desired lectin.[27] Among these, polymers or glycopolymers 
are outstanding based on their tunable characteristics in terms of size, functionality, external 
trigger responsiveness and good anti-fouling properties.[28-30] However, the alignment mode of 
glycan presentation has also to be addressed as it has a high impact on lectin affinity as well.[31-
34] Therefore, a high number of glycans does not lead automatically to high affinity binding of 
a lectin, if the ligands do not exhibit the right orientation determined by the lectin’s structure. 
Most lectins are multi-domain proteins and render multiple binding sites or form oligomers in 
the presence of a multivalent ligand environment.[35] For glyco-calixarenes it has been shown 
that the wrong orientation of the glycans may lead to decreased affinity, although multivalent 
presentation is achieved.[31, 32] This emphasizes the need of investigating the favored 
multivalent environment for lectins to be able to synthesize tailored materials with high lectin 
binding ability. We have recently investigated the use of size-controlled glycopolymer brushes, 
which were grafted from a silicon surface by surface-initiated atom-transfer radical 
polymerization (SI-ATRP).[36] The brushes, first rendering only a monosaccharide (N-
acteylglycosamine, GlcNAc), were elongated to oligosaccharides with recombinant 
glycosyltransferases to fingerprint the preferred ligands for plant lectins.  
Polymer brushes in general exhibit outstanding interphase stabilization and excellent anti-
fouling abilities probably due to the high osmotic pressure within the brush regime.[37-41] There 
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are numerous approaches utilizing polymer brushes as surface covering for biosensors with 
conjugation of biomolecules. Besides SI-ATRP also single-electron transfer living radical 
polymerization (SET-LRP) and RAFT-processes are used for creating highly controlled surface 
bound brushes even in 3D scaffolds for biosensors.[42-44] Although mostly thick brush layers are 
favored because of very low unspecific protein adsorption, we found that short glycopolymer 
brushes on impedimetric biosensors are sufficiently repellent against protein fouling and reveal 
the highest affinity with KD values in the nanomolar range.
[45] This may be related to the fact 
that glycans themselves contribute to the non-fouling properties of the material.[46] So far mostly 
uniform brushes were investigated. Triggered by the idea, that glycan orientation is as important 
as multivalent presentation, we here developed a gradient with increasing brush layer thickness 
along the chip presenting a surface with a steadily changing multivalent microenvironment for 
lectin binding. Surface gradients have recently become important in material sciences and 
biophysics.[47] Since biological processes are triggered by gradients of effector or binding 
molecules, artificial gradients may serve as models for better understanding of biological 
processes and as tools for mimicking the biological environment.[48, 49] Here, we utilize a 
gradient in glycopolymer brush length for creation of an on-chip controlled multivalent glycan 
presentation to determine the favored glycopolymer microenvironment for selective binding of 
various lectins. Selectivity of the glycopolymer gradient should be investigated by lectins 
sharing a common glycan ligand with preferred binding to a certain glycopolymer length, which 
is directly related to multivalent density. This assumption is supported by other reports about 
controlled multivalent environments.[50-52] 
We report here in collaboration with Dr. H. Park and Prof. Dr. A. Böker from DWI Leibniz-
Insitut für Interaktive Materialien (Aachen, Germany) on the SI-ATRP of polymerizable 
GlcNAcEMA (GlcNAc-hydroxyethylmethacrylate) on silicon surfaces utilizing a dip-coating 
procedure to ensure a steady gradient in brush length. The poly-GlcNAcEMA surfaces were 
analyzed by atomic force microscopy (AFM) and ellipsometry to image the gradient revealing 
a glycopolymer brush gradient with 10 nm maximum thicknesses. Biomolecular interactions 
with fluorescently labeled lectins were proven with good anti-fouling abilities of the gradient 
surface. Consequently, the binding selectivity and specificity of different lectins to the 
glycopolymer gradient was investigated by spatial resolved fluorometry. First, we elongated 
the surface bound glycans with two recombinant glycosyltransferases in a concerted reaction. 
Each glycosylation step provides a new glycan ligand on the glycopolymer brush gradient. 
Lectin binding studies reveals glycan related binding fingerprints with preferred brush lengths 
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for each lectin. Lectins from Erythrina cristagalli (ECL) and human galectin-3 binding to 
galactose residues, as well as lectin from griffonia simplicifolia and wheat germ agglutinin 
binding to GlcNAc were utilized to analyze if they may be distinguished by their preference for 
a certain brush length. Interestingly, all lectins showed different preferences and different 
behavior on the brush gradient. Therefore, favored multivalent environment is another key to 
characterize lectins besides their glycan specificity. However, to the best of our knowledge for 
the first time the impact of multivalency on one chip via a gradient glycopolymer approach is 
analyzed using various lectins. This knowledge is useful for producing tailored lectin capturing 
or inhibiting materials and gaining insight into structure-based interactions between lectins and 
glycans. 
 
6.2 Experimental Section 
6.2.1 Materials 
N-acetyl-D-glucosamine (GlcNAc, 98%) and sodium methoxide (98%) produced by Alfa Aesar 
(Karlsruhe, Germany) were used. Copper(I) chloride (CuCl, 97%) was purified by stirring with 
acetic acid overnight. After filtration, they were washed with ethanol and ether and then dried 
in vacuum. Copper(II) bromide (CuBr2, 99%), 2,2´-bipyridine (bpy), ethyl α-bromoisobutyrate 
(EBiB, 98%), silver perchlorate monohydrate (99.999%), acetyl chloride and silica gel 60 have 
been purchased from Sigma-Aldrich (Steinheim, Germany) and used as received. Celite® 545, 
silver carbonate (99%), and 2-hydroxyethyl methacrylate (HEMA, 97%) were provided by 
VWR (Darmstadt, Germany). The ATRP initiator 3-(Trimethoxysilylpropyl)-2-bromo-2-
methylpropionate (95%) was received from ABCR (Karlsruhe, Germany). All other solvents 
were purchased from Sigma-Aldrich or VWR and used as received unless otherwise noted. 
Deoxygenation of the solvent and liquid were accomplished by bubbling with nitrogen. The 
materials for enzymatic modification such as MgCl2, MnCl2, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)-NaOH buffer were purchased from Sigma-Aldrich 
(Steinheim, Germany). Uridine 5’-diphospho-α-D-Galactose (UDP-Gal) and Uridine 5’-
diphospho-α-D-N-acteylglucosamine (UDP-GlcNAc) were purchased from Carbosynth 
Limited (Berkshire, UK). 
 
6.2.2 Analytical methods 
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker DPX-400 spectrometer 
at 400 MHz. Deuterated chloroform (CDCl3, 99.8%), deuterated dimethyl sulfoxide (DMSO-
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d6) and deuterated water (D2O, 99.9%) were used as solvents. To measure the molecular 
weights and polydispersities of the glycopolymer, samples were diluted up in N,N-
dimethylformamide (DMF), passed over a small plug of alumina to remove catalyst and filtered 
through a 0.2 μm syringe filter. Then gel permeation chromatography was carried out using 
DMF as eluting solvent. A high pressure liquid chromatography pump (Jasco PU-2080-Plus), 
a Jasco 2013-Plus RI detector and four MZ-SD Plus gel columns (50 Å, 100 Å, 1000 Å and 
10.000 Å) were used in series at 30°C with a flow rate of 1.0 ml/min. The molecular weight 
and polydispersities were determined using poly(methyl methacrylate) standards. For the 
contact angle measurement, a water droplet (1 µl) was placed on the surface and its contact 
angles were analyzed using a DSA 100 instrument (Krüss, Hamburg, Germany). Over five 
different sites per sample were selected and tested. The ellipsometry was performed with an 
OMT instruments (MM-SPEL-VIS, Germany) at the angle of incidence 77.5° and a spectral 
method in the wavelength range from 460 to 870 nm.  The thickness was determined by the 
average of at least 5 measurements from different areas of the silicon oxide surface. Atomic 
force microscopy (AFM) was performed with a Dimension Icon microscope from Veeco 
Instruments Inc./Bruker AXS GmbH. All images were taken in tapping mode using OTESPA 
tips from Veeco Instruments Inc. (1 Ω silicon). Scanning electron microscopy (SEM) 
measurements were performed on a Hitachi S-3000N at 2 kV and a working distance of 8 mm. 
For the measurements the samples were not sputtered. 
 
6.2.3 Synthesis of GlcNAcEMA 4 
The acetylated GlcNAc chloride 2 was synthesized from GlcNAc 1 according to a procedure 
reported in the literature.[36] For the synthesis of glycomonomer 3, a modified König-Knorr 
reaction was performed. Compound 3 (4.8 g, 13.32 mmol) was dissolved in anhydrous 
methanol. Then sodium methoxide (100 mg/ml) was added and the reaction mixture was stirred 
at room temperature for 25 min. Methanol was evaporated under reduced pressure and then 
water was added. Glycomonomer GlcNAc-hydroxyethylmethacrylate (GlcNAcEMA) 4 (2.5 g, 
7.50 mmol, 52%) was obtained by lyophilization of the aqueous solution. 
 
6.2.4 Deposition of the polymerization initiator 
Silicon (100) wafer, cut into 6.25 cm2 pieces, was cleaned with absolute toluene and dried in a 
nitrogen stream. After that the surface of wafer was oxidized for 5 min in air plasma (0.2 mbar, 
18W, PDC-32 G, Harrick). For the modification of Si wafer, the freshly cleaned wafer was 
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directly immersed in a mixture containing 200 µl 3 (trimethoxysilylpropyl)-2-bromo-2-
methylpropionate, 2.1 ml ammonia (29%) and 25 ml ethanol. The reaction was left at room 
temperature overnight and then boiled for 1 h to ensure covalent bonding.[53, 54] The wafer was 
removed from the solution, rinsed repeatedly with toluene, ethanol and bi-destilled water and 
dried in a nitrogen stream. 
 
6.2.5 Synthesis of PGlcNAcEMA 5 brushes by SI-ATRP 
A representative example was as follows: The initiator modified wafer was placed on the holder 
of the reactor and then the reactor was purged with nitrogen. 1.1 g (3.15 mmol) glycomonomer 
4 was placed into a reaction flask and stirred in 10 ml methanol/water = 1/1 (v/v) until the 
complete dissolution. The solution was degassed with nitrogen for 20 min. Then, 14.1 mg 
(0.06 mmol) copper(II) bromide, 25.0 mg (0.25 mmol) copper(I) chloride, 14.1 mg (0.06 mmol) 
copper(II) bromide and 98.4 mg (0.63 mmol) 2,2’ bipyridine were added and stirred under 
nitrogen until a homogeneous dark brown solution formed. The reactor was degassed with 
nitrogen for 20 min and then transferred into the flask containing wafer. Soluble free initiator, 
9.3 µl (0.06 mmol) EBiB in 1 ml methanol/water = 1/1 (v/v), was added immediately to the 
reaction mixture. The polymerization was allowed to proceed at room temperature for a defined 
reaction time. For dip-coating the wafers were pulled out of the reaction solution at  
300 µm min-1 for 60 min. Then the wafer was thoroughly rinsed with water and N,N-
dimethylformamide and dried in a nitrogen stream. After that, the wafer was extracted with 
DMSO overnight and again dried in a nitrogen stream. The soluble polymer was collected by 
passing through a column packed with silica and the polymer was precipitated from diethyl 
ether.  
 
6.2.6 Enzymatic synthesis 
The glycosyltransferases β4GalT-1 and β3GlcNAcT were expressed recombinantly and 
purified as described previously.[55] β4GalT-1 was expressed in E.coli Shuffle T7 Express (New 
England Biolabs, Frankfurt am Main, Germany) to gain more activity. Enzymatic conversions 
were performed on the Si wafer coated with PGEMA. For galactosylation the wafers were 
incubated at 30°C for 24 h in a solution containing 100 mM HEPES-NaOH (pH=7.2), 25 mM 
KCl, 2.0 mM MnCl2, 6.25 mM UDP-Gal, 1 U alkaline phosphatase and 200 mU β4GalT-1. The 
wafers were rinsed with water and PBS buffer for five times. Transfer of GlcNAc to 
galactosylated wafers was performed at 30°C for 24 h. The wafers were submerged in a solution 
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containing 25 mM HEPES-NaOH (pH=7.2), 6.25 mM KCl, 0.25 mM DTT, 2.0 mM MgCl2 and 
200 mU β3GlcNAcT. Subsequently, the wafers were cleaned with water and PBS buffer for 
several times. 
 
6.2.7 Fluorescence Linked Lectin Assay 
The plant lectins GS-II, ECL and WGA were purchased as FITC conjugates from Vector 
Laboratories (Burlingame, CA, USA). For quantitative binding studies the wafers were 
incubated in 24-well microtiter-plate with 1 mL 5 % (w/v) BSA for 15 min. After several 
washing steps with PBS and LBP (10 mM HEPES-NaOH (pH=7.5), 150 mM NaCl, 0.1 mM 
CaCl2) 20 µg mL
-1 lectin in LBP was added and the wafers kept for 30 min at RT in the dark. 
Finally, the surfaces were washed with PBS containing 0.05 % (v/v) TWEEN-20. The 
fluorescence signal was measured using a BioTek Synergy 2 device in area scan mode: an area 
17x17 pixels on the wafer were analyzed. For data processing 11x11 pixels were used and prior 
to creating the binding map interpolation for smoothing of the image to 22x22 pixels was 
performed using OriginPro 9.0 (OriginLabs) software. After measurement the wafers were 
washed with 2 % SDS in water. Post drying the next lectin was applied. Washing procedures 
were repeated as often as necessary to reach the minimum threshold of the fluorescence 
signals. . For binding studies focusing on fluorescence microscopy, the wafers were treated as 
mentioned above except that the blocking-step with BSA was omitted. Images were taken with 
a Zeiss Axioplan microscope. 
 
6.2.8 Ellipsometry 
Spectroscopic ellipsometry measurements were conducted with a RC2- D ellipsometer (J.A. 
Woollam Co, Inc.). The measurements were done in the multiple angle mode at 70°, 75° and 
80° in the wavelength range of 193-100 nm. For the calculation of the brush thicknesses the 
Cauchy-Model was used. 
 
6.3 Results and Discussion 
The synthesis of glycopolymers relies on a glycoconjugate as monomer. As reported previously 
we chose a HEMA-GlcNAc conjugate, as HEMA is biocompatible and readily polymerized in 
SI-ATRP approaches.[45] The synthesis of GlcNAcEMA was carried out using mainly a 
modified Königs-Knorr-reaction to gain solely the β-linked anomer. (Scheme 1) As 
GlcNAcEMA is readily polymerized under ambient conditions, storing with hydrochinone was 
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necessary. The SI-ATRP was carried out after plasma activation of the about 6.25 cm2 large 
silicon wafer. First, the initiator (trimethoxysilylpropyl)-2-bromo-2-methylpropionate was 
deposited under basic conditions. The polymerization was controlled by Cu+/Cu2+ - catalysis. 
We performed dip-coating of the wafer for about 1 h at approx. 300 µm min-1 over 60 min. 
(Scheme 1)  
 
Scheme 1. Reaction scheme for the synthesis of GlcNAcEMA 4 derivative and SI-ATRP with dip-
coating procedure to produce a gradient in brush length on the chip. AcOCl: acetylchloride, Ag2CO2: 
silver carbonate, AgOCl4: silver perchlorate, HEMA:2-hydroxyethylmethacrylate, NaOMe: sodium 
methanolate.  
Previous experiments showed that longer polymerization times did not yield brush-length 
dependent lectin binding differences along the gradient (data not shown). We assumed that 
there is a certain threshold of brush layer thickness, were maximum binding is reached and that 
beyond this threshold binding is not improved anymore. Hence, we chose a short 
polymerization time yielding brush lengths of sub 5 nm in the dry state as a maximum. 
Interestingly, other reports indicated that brush thicknesses of more than 100 nm are necessary 
for good anti-fouling properties. We found low unspecific protein adsorption even for sub 5 nm 
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layer thicknesses.[45] This may be caused most probably by the good anti-fouling properties of 
glycans themselves, which enables the production of thin layers with satisfying low-fouling.[46] 
Moreover, highest binding affinity of lectins was found for shorter brushes, probably due to 
better alignment.[45] The brush-coated surfaces were analyzed post-polymerization by AFM. 
(Figure 1)  
 
Figure 1. AFM images of the gradient at three different positions of the wafer. a) upper part of the wafer 
with shortest polymerization time (< 5 min), b) middle part (approx. 30 min) and c) lower part of the 
wafer with longest polymerization time (approx. 60 min).  
The measurements were performed in the dry state with partially collapsed brushes, which 
complicated evaluation of the data. We can state, that at the very beginning of the gradient 
(Figure 1 a) no brushes are detected, at approximately the middle of the gradient (Figure 1 b) 
brushes are imaged and at longest polymerization time the brushes get slightly denser and 
thicker, which may also be related to collapse or mushroom topology on the surface. As these 
results hamper a later correlation between binding signal of lectin and brush length, we 
evaluated the surface with in situ ellipsometry. With this method we are able to detect 
nanometer changes in thickness of the surface layer submerged in water maintaining the brushes 
in the swollen state. This allows a more reliable picture of the gradient, as collapse or mushroom 
topology can be widely neglected.  
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Figure 2. Thickness of brush layer along the wafer as measured by in situ ellipsometry presenting glycan 
5a. 
In Figure 2 the thickness propagation of the polymer brush layer measured by in situ 
ellipsometry is plotted versus the gradient coordinates, which corresponds to the side length of 
the wafer in millimeters. A mostly linear increase of layer thickness is obvious, although a short 
phase of slow growth at the shorter brush lengths is also detected. This may be related to the 
overall kinetics of the polymerization, which follows not completely a linear behavior in 
propagation of the polymer.[36] Taken together, this method gives a reliable brush layer 
thickness determination in the swollen state which is crucial for identifying the favored 
microenvironment of the tested lectins. Importantly, this experiment was carried out with 
glycan 5a, to make sure that enzymatic modification does not alter the gradient (see below). 
Since the general polymerization process and specific and high affinity binding of lectins to 
glycopolymer brushes were previously demonstrated by us in detail[36], we focused here on the 
characterization of the gradient and the influence of brush lengths on lectin binding affinity. 
Moreover, we enhanced glycan variability by a cascade reaction of two recombinant 
glycosyltransferases. The human β4-galactosyltransferase-1 (β4GalT) and the bacterial β3-N-
acetylglucosaminyltranferase (βGlcNAcT) are here demonstrated to readily act on surface 
immobilized gradient glycopolmyer brushes. This two-enzyme system has been previously 
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been characterized extensively and shows good toleration of various conjugations of the 
anomeric C-atom of GlcNAc.[55, 56] With these enzymes we synthesized brush displayed N-
acetyllactosamine (-3Galβ1-4GlcNAcβ1-, LacNAc) oligomers up to the hexasaccharide 5e 
(Scheme 2). 
 
Scheme 2. Enzymatic synthesis of LacNAc oligomer structures on glycopolymer brushes with 
recombinant glycosyltransferases β4GalT-1 and β3GlcNAcT utilizing UDP-Gal and UDP-GlcNAc as 
donor substrates, respectively. R stands for the polymer backbone.  
The enzymes belong to the Leloir-type glycosyltransferases and utilize nucleotide sugars as 
activated donor substrates for their high conversion yields.[57] Although it is not possible to 
determine the amount of transferred sugars by the enzymes, we prove that the conversion is at 
least high enough to ensure accessibility of the sugar ligand and high glycan specificity for 
lectin binding.[36] Fluorescence microscopy images and defined parts of the gradient are shown 
in the supporting information and prove the selective lectin binding to the wafers. As the exact 
surface concentration of glycans remains unknown, we ensured excess of donor substrate. 
Analyses of residual nucleotide sugars after the transfer reactions proved that there is no 
substrate limitation. Each rendered glycan structure was evaluated for lectin binding. In this 
study we used the plant lectins from Griffonia simplicifolia (GS-II), from Erythrina cristagalli 
(ECL), wheat germ agglutinin (WGA) and human galectin-3 (Gal-3). GS-II, a 120 kDa homo-
di- or tetramer, depending on its origin, renders high specificity for terminal GlcNAc presenting 
 
116 
 
structures, but was also reported to show binding to GlcNAc-moieties within a glycan chain.[58-
60] WGA, a 35 kDa homodimer, shows also the highest affinity towards GlcNAc and is thought 
to bind preferably to di-or trimers of this sugar.[61-63] The best ligand for ECL, a 54 kDa 
homodimer, is reported to be galactose (Gal) or LacNAc-structures.[64] ECL is capable of 
binding internal LacNAc units. Finally, Gal-3 is a human lectin that is involved in cancer 
pathogenesis and of high interest in glycan-related cancer research.[65] It exhibits affinity for β-
galactoside structures and is known to also bind to internal Gal units.[66] Moreover, Gal-3 forms 
in the presence of multivalent environments readily oligomers.[67]  
In Figure 3 the ligand fingerprints of the used lectins are shown. We incubated gradient wafers 
after each glycosylation step with the four fluorescently labeled lectins (GS-II, ECL and WGA 
were labeled with FITC, Gal-3 was expressed with an N-terminal fusion of yellow fluorescent 
protein) and analyzed the fluorescence signal averaged over the entire wafer.  
 
Figure 3. Ligand preferences for surface displayed glycans 5 – 5e for investigated lectins. Black: GS-
II, Red: ECL, Blue: WGA, Green: Gal-3.The intensity is normalized to the best ligand of each lectin. 
We used normalized data, to overcome differences in overall fluorescence intensity. However, 
it may be noted, that Gal-3 exhibited the highest absolute fluorescence, which is related to the 
formation of oligomers in highly multivalent environments as the difference in quantum yield 
between YFP and FITC is not significantly different. GS-II shows preference for GlcNAc-
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terminated structures (5, 5b, 5d), but also binds to some lower extent to internal GlcNAc-
moieties (5a, 5c, 5e). In contrast, ECL clearly prefers Gal-terminated glycans (5a, 5c, 5e) and 
less preferred to GlcNAc-terminated ones (5, 5b, 5d). WGA binds interestingly to all rendered 
glycans, which is explainable as all glycans contain GlcNAc. However, there is still some 
preference for GlcNAc-termination (5, 5b, 5d), which may be somewhat overcome by 
increasing the length of the presented glycan. Gal-3 shows highest binding for Gal-terminated 
oligosaccharides, with almost no binding to the monosaccharide GlcNAc (5). For all lectins the 
increase of the size of rendered glycan increases overall binding affinity. This is related to 
binding to internal sugar moieties within the glycan chain. For Gal-3 the preferred ligand in this 
toolbox of glycans was reported as the tetrasaccharide 5c.[68] However, the observed increase 
in binding signal in our case may be related to the highly multivalent environment, based in low 
distances between glycans in all dimensions. Especially, as crosslinking by protein with 
multiple carbohydrate recognition domains (CRDs) may take place intra- and inter-brush. 
Previous studies were not conducted in such multivalent environments. The same statement 
stands for WGA, which is reported to prefer terminal GlcNAc. Again, high grafting density and 
small distances between to glycans within a brush ensure a strong cluster glycoside effect, 
leading to somewhat relaxed specificity towards terminal structures. Next, we identified the 
influence of brush length on lectin binding. We established spatial resolved fluorometry for 
each lectin binding experiment on the surface. All brush presenting glycans 5-5e gave for each 
lectin a binding map as shown in Figure 4, which presents the binding of Gal-3 to 5e.  
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Figure 4. 3D map of Gal-3 binding to hexasaccharide 5e. z-axis represents the fluorescence intensity, 
y-axis represents the gradient and x-axis represents the wafer side perpendicular to the gradient. 
In Figure 4 the z-axis represents the fluorescence intensity, whereas the y-axis is the direction 
of the gradient. At high y-values the longest brushes are present. The x-axis represents the 
direction on the wafer perpendicular to the gradient. Under optimal conditions all brush lengths 
in x-direction should be the same. However, as there are capillary forces and inhomogeneous 
wetting of the surface during dip-coating procedure, some irregularities may occur. This is 
obvious by unequal fluorescence intensities along the x-axis. To overcome this and to simplify 
the images we chose the values along the midline (space coordinate 3-5 in Figure 4) of the 
wafer for evaluation. At this point we assured the most precise and homogeneous 
polymerization process. Binding maps for all evaluated lectins are found in the supporting 
information. Additionally, the thickness values gathered with ellipsometry were also collected 
along this line (Figure 2). Figure 5 depicts the brush-length depending binding signals for all 
lectins binding to the displayed glycans 5-5e. As binding of ECL and Gal-3 to 5 was below 5 % 
of the maximum binding signal (Figure 3), we did not take this binding profile into account and 
considered this as unspecific adhesion.  
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Figure 5. Binding profiles of lectin binding to gradient wafers. Black: GS-II, Red: ECL, Blue: WGA, 
Green: Gal-3. A: glycan 5, B: glycan 5a, C: glycan 5b, D: glycan 5c, E: glycan 5d, F: glycan 5e. As 
binding of ECL and Gal-3 to 5 was below 5 % of the maximum binding signal we considered this at 
unspecific binding.  
Surprisingly, the evaluated lectins showed different behavior on the brushes with varying brush 
length. GS-II binding signal clearly increases with increasing thickness of the brush layer. A 
maximum of binding signal is reached at about 8.5 nm long brushes. Longer brushes do not 
lead to a more intense binding signal: it seems that as soon a certain threshold is reached binding 
is not enhanced anymore. Indeed, we recorded some decrease in binding signal above 8.5 nm, 
however we relate this to artifacts during fluorescence measurements occurring at the very 
edges of the wafer. ECL shows a very similar behavior, but the threshold length is reached at 
about 8 nm. The existence of certain brush length for which no further alteration in binding 
signal may be observed, corresponds with our observation, that for wafers with a less steep 
gradient and longer total polymerization time no pronounced change in binding signal was 
detected at all. Contrarily, WGA gives a very clear asymptotic binding mode all over the wafer 
surface. Already on very short brushes of about 4.5 nm a saturation of binding signal takes 
place. Longer brushes give little or no variation in binding signal. This effect is not as 
pronounced for 5c and 5d, but clearly restored at 5e. It is important to note, that this proves the 
study to be really related to multivalent effects and not just the simple assumption that longer 
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brushes lead to more glycans and therefore more ligands. This too simple view was also 
challenged previously as we found that shorter brushes exhibit extraordinary low KD values in 
the nM range and more important lower KD values than longer brushes.
[45] Just increasing the 
number of glycans in close proximity to each other does not necessarily increase lectin binding; 
instead the structural and cooperative properties of the lectins have to be taken into account. 
Unfortunately, there is very little known about the latter, therefore this study may give some 
novel insight into lectin binding modes. So far, plant lectins have been discussed to have in 
common that above a certain brush length only small differences in binding signals are detected. 
As plant lectins are often involved in defense mechanisms it is most likely, that subtle 
modulation of binding is not effective; especially for the glycans 5-5e very little variation of 
the binding profile is found.[69, 70] This leads to the conclusion that plant lectins show maximum 
binding as soon as a certain minimum ligand multivalency is reached. This value is independent 
of the presented glycan. Whereas GS-II and ECL prefer a higher multivalency with longer 
brushes, WGA is not affected that strong and shows maximum binding even at very short 
brushes; although there is a change to overall lower response for WGA on 5c or 5e. For these 
three lectins two binding determining factors are present. On the one hand the preferred glycan 
ligand on the other hand the favored and necessary microenvironment. These aspects are 
interestingly rather independent from each other. For human Gal-3 the results are different. Gal-
3 is known as lectin involved in cell adhesion, cancer, cell signaling and immune modulation, 
which are all biomolecular interactions that are sensitive to subtle modulation. The binding 
profile of Gal-3 is strongly dependent on the presented glycan. For glycan 5a similar behavior 
to ECL is found: an increase of binding signal along the brush gradient, the threshold may be 
determined at about 8 nm or higher. With glycan 5b the threshold is shifted down to about 6 nm 
and with 5c, which is the best ligand in solution experiments, we see binding that is independent 
of the actual brush length even at the minimum length of 4 nm. This correlates with very high 
affinity and strong binding as soon as ligand is present, no matter what the multivalent 
environment is. For 5d the threshold is again shifted towards 6 nm and for 5e we detect two 
distinct maxima at 6.5 nm at 8.5 nm. These finding correspond with the various purposes of 
Gal-3 that are strongly dependent not only on the presented epitope, but also on the kind of 
presentation. Presentation mode may be altered by e.g. cell-type, cell-state or lipid raft 
formation. Interestingly, it is possible to distinguish between lectins with similar ligand 
preference (ECL and Gal-3) basing only on their binding profile in multivalent environments. 
Future applications in diagnosis, utilizing other galectins, or design of specific capturing 
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compounds or inhibitors are obvious. Glycopolymer brushes are not a natural type of glycan 
presentation for sure. In fact, this is the most drastic way of creating extremely dense 
multivalent environments. But glycopolymer brushes are obviously a versatile platform to 
investigate the influence of multivalent ligand presentation in a controlled manner. It is indeed 
surprising that the simple assumption: the more ligand, the better the binding, does not stand 
generally. Contrarily, different lectins show, related to their structural properties and tasks they 
face in nature, very different binding behavior on varying brush lengths. Especially, Gal-3 
shows strong dependence on favored microenvironment as a function of preferred glycan 
ligand, whereas plant lectins show a favored microenvironment independent from the presented 
glycan. So far, mostly grafting densities have been changed to estimate the influence of 
multivalency.[37, 50, 51] These effects are depending on the size of the lectin. Here, we present the 
influence of the actual number of presented glycans within a chain and could gather new 
insights into lectin binding behavior, which will be used for inhibitor or capturing compound 
design.  
 
6.4 Conclusion 
We polymerized glycopolymer brushes from a silicon surface via SI-ATRP with a dip-coating 
procedure. With in situ ellipsometry we were able to measure the brush length along the 
gradient from 3.8 nm to approx. 9 nm in the swollen state. By utilization of a cascade reaction 
with two recombinantly expressed glycosyltransferases from human and bacterial origin we 
were able to elongate the rendered GlcNAc up to a hexasaccharide oligo-LacNAc-structure. All 
glycans were investigated with the lectins GS-II, ECL, WGA from plants and Gal-3 from 
human. The ligand fingerprint for each lectin could be determined and showed distinct 
preferences. Finally, we used spatial resolved fluorometry for analyzing the influence of brush 
length on lectin binding. We found, that for plant lectins the binding shows no variation upon 
certain threshold and is mostly independent from the presented glycan structures containing the 
specific sugar ligand. This compares well to the tasks of plant lectins in plant defense 
mechanisms. For Gal-3, we found a very strong dependency of brush length binding map and 
the specific presented glycan structure. This may be explained by the numerous tasks Gal-3 is 
involved in. It functions rely on subtle changes of the glycan presenting environment.  
In summary, the presented platform is an example of the combination of carefully tuned 
polymer chemistry with biomolecular interactions between glycans and proteins, and adds new 
views on the preferences of lectins. This is especially important for glycan based vaccines or 
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drugs targeting lectins. Lectin inhibitors are obliged to comprise highest affinity, here our 
platform may help to create better compounds. In addition basic lectin research may benefit 
from these systems as there is some relationship between binding behavior and tasks of the 
lectin. Finally, the results show, that it is possible to distinguish lectins with very similar ligands 
only by their preferred multivalent environment, this is useful for biomedical diagnostics of 
lectins with similar ligand preferences.  
 
6.5 Contributions 
H.P. synthesized the GlcNAc-derivative, performed the SI-ATRP and analyzed the surfaces 
with AFM. R.R.R. performed with F.R. in situ ellipsomertry. F.R. evaluated the ellipsometry 
data. R.R.R. and N.B. performed glycosylation reactions and lectin binding assays. R.R.R. 
evaluated lectin related data.  
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Chapter 7: Glycofunctionalized microgels for scavenging 
Clostridium difficile toxin A 
 
This chapter is considered for publication by: R. Rosencrantz, N. Anwar, A. Manic, M. Möller, 
C. Trautwein, G. Sellge, A. J. C. Kuehne, L. Elling 
 
Abstract 
We present a novel glycan-functionalized microgel 
platform for biomedical applications. Glycans are 
incorporated into the microgels during synthesis in a 
microfluidic device to yield bioactive ligands for highly 
specific binding of lectins, sugar binding proteins. This 
concept is the basis for scavenging bacterial toxins as 
demonstrated here for the binding of the receptor 
binding domain (RBD) of the bacterial enterotoxin A 
from Clostridium difficile (TcdA). Glycans were 
synthesized by an enzymatic cascade reaction to yield the Galili-epitope, a reported ligand for 
TcdA. The amount of incorporated glycans was determined by magic angle spinning NMR and 
shows incorporation rates of up to two-fold excess compared to macromonomer. With a size of 
20 µm in diameter the synthesized microgels are in the same range as mammalian cells and 
therefore flow cytometric analysis of single particles was possible. In this way, we prove highly 
specific and selective binding of lectins and the RBD of TdcA to the microgel. With their high 
biocompatibility this multivalent glycan-microgel platform has the potential for scavenging a 
range of similar bacterial enterotoxins in vivo as a novel therapeutic approach for the rising 
numbers of infections with pathogenic bacteria.  
 
 
7.1 Introduction 
Infections with pathogenic bacteria like Clostridium difficile (C. diff or CDI) are rising problems 
in worldwide healthcare. CDI has been identified as the most likely reason for antiobiotic-
associated diarrhea.[1-4] The C. diff associated disease (CDAD) is a common secondary disease 
in elderly or home-nursed patients treated with broad-spectrum antibiotics, but incidents are 
also growing with younger patient involved.[5-7] By disturbing the natural mucus barrier of the 
gastrointestinal tract during treatment with broad-spectrum antibiotics, an overgrowth of the 
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opportunistic bacteria C. diff occurs. C. diff. produces at least two different enterotoxins, known 
as TcdA and TcdB, which cause a massive inflammation of the intestine. This manifests in 
necrosis and formation of pseudomembranes, or as ultimate state as a life-threatening 
megacolon.[8, 9] Therapy by antibiotics is mostly counter-productive as even more severe 
alteration of the mucus is observed. To overcome this, nowadays an antimicrobial therapy is 
launched.[10, 11] This however, leads also to immune status alteration and still to turbulences in 
the intestinal microflora. Thus, a rate of relapse from 15-20 % is reported.[12, 13] Taking also the 
emerging numbers of antimicrobial resistant strains into account, the necessity for alternative 
therapeutic approaches becomes obvious.[14]  
One point of attack are the actual toxins TcdA and TcdB. Recent research aims for the 
production of antibodies against the produced toxins.[15, 16] The toxins are reported to be huge 
multi-domain protein with sizes of 380 kDa and 270 kDa, respectively.[17, 18] Both toxins share 
a common domain assembly, with an N-terminal glycosyltransferase as actual toxic domain, 
followed by a sequence that was identified as autoprotease (see supporting information). Next, 
a β-sheet rich part is encoded, which is capable of forming a transmembrane domain. The most 
C-terminal domain, the largest part of TcdA, consists of multiple repetitive sequences and is 
identified as receptor binding domain (RBD). For TcdA multiple reports suggest this domain 
to be lectin-like and to maintain interactions between the toxin and the cell surface via 
carbohydrate recognition and binding.[19] The mode of toxin action is thought to begin with 
binding of the receptor binding domain to the cell surface, followed by endocytosis and pH-
acidification in early endosomes. At this point the β-sheet rich domain builds-up a 
transmembrane part and the toxic glycosyltransferase domain is cleaved off in the cytosol by 
autoproteolysis, where it leads in ultimo ratio to a disruption of the cytoskeleton.[20, 21] Taking 
all steps together a potential weak point may be the binding to the cell surface. Screening of 
TcdA revealed various putative glycan ligands for the receptor binding domain. Among them 
the so called Galili-structure, a trisaccharide consisting of Galα1,3Galβ1,4GlcNAcβ-.[22-24] In 
general, protein-carbohydrate interactions are of high coding capacity and important for various 
cell-communication or adherence events.[25-27] Glycans are known to play important roles in 
cancer related research, but also in virus invasion.[28, 29] Lectins as highly ligand specific 
decoders of the glycan-code are often multi-domain proteins with multiple binding sites and 
show altered expression related to diseases.[30-34] All protein-glycan interactions are of rather 
weak nature. But the binding affinity is increased by orders of magnitude as soon as multiple 
glycans are presented on a scaffold in close proximity to each other maintaining tuned 
 
129 
 
alignment. This is known as “cluster glycoside effect” or multivalent effect and is crucial for 
designing high affinity powerful glyco-based biomaterials.[35, 36] For scavenging TcdA we need 
to take this effect into account, especially as the receptor binding domain comprises up to seven 
putative carbohydrate recognitions domains (CRD).[37] Potent scaffolds for biomedical 
applications and previously also reported as drug delivery systems or imaging assistants are 
microgels.[38-41] These µm sized versatile gel particles have a very high intrinsic volume 
combined with a high surface area, multiple functional groups, that may be utilized for 
bioconjugation and good biocompatibility depending on the used polymers.[42] Moreover, they 
have tunable properties like pH-, temperature- and light responsiveness.[43-45] Additionally, they 
mostly consist of water and therefore should show non-fouling properties and are, especially 
for PEG-based microgels, considered as non-immunogenic.[46] However, to the best of our 
knowledge microgels functionalized with oligosaccharides have not been reported so far. 
Nevertheless, together with the possibility of controlling size, charge, mesh, functionalization 
and distribution thereof, they comprise excellent properties to act as a glyco-functionalized 
scaffold for multivalent interactions with TcdA. There are multiple routes for the synthesis of 
microgels, most of them based on radical polymerization with small monomers to produce gels 
with randomly distributed functionalities.[47, 48] Generally, three preparation approaches are 
known: homogeneous nucleation, where the gels evolve from homogeneous solutions; 
emulsifications, where pre-gel droplets are formed and later crosslinked to be stabilized; 
complexation, which describes the mixing of two polymers in water that form complexes. 
Recently, microfluidic reactions become of high interest and where also used for the synthesis 
of microgels.[49, 50] This mainly emulsification-based method yields a high number of gels in a 
short time, with precise control of shape, functionality and size-distribution. Because of the 
tight control of the tunable characteristics of microgels, microfluidic synthesis are often 
considered as superior to conventional batch syntheses, when it comes to high performance gels 
in biomedical applications.   
In this study we aimed in collaboration with N. Anwar and Dr. A.J.C. Kuehne from DWI 
Leibniz-Institut für Interaktive Materialien (Aachen, Germany) and A. Mandic and Dr. G. 
Sellge from University Hospital Aachen (Aachen, Germany) for a capture compound for TcdA, 
which may be used in future biomedical applications. We used six-armed star-shaped acrylate 
polyethyleneoxide-stat-polypropyleneoxide[51] (p(EO-stat-PEO)) polymers with a size of 18 
kDa as macromonomers for the synthesis of microgels via a pressure controlled microfluidic 
device utilizing a water in oil emulsion. Polymerizable N-acetyllactosamine (LacNAc) and 
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Galili-structure synthesized via a chemo-enzymatic cascade reaction with recombinant 
glycosyltransferases were utilized to produce glycan-functionalized microgels. The 
incorporation of sugar was proven by magic angle spinning NMR (MAS-NMR). The mesh size 
of the gels was investigated by diffusion experiments with fluorescently labeled proteins of 
different sizes. Binding of the LacNAc specific lectin from Erythrina cristagalli (ECL)[52] and 
binding of recombinantly expressed TcdA receptor binding domain (TcdA-R) was investigated 
in well-plate format and by highly sensitive fluorescence activated cell sorting (FACS) with 
labeled proteins. Finally, we evaluated the impact of different glycan load of the gels on affinity 
and amount of bound lectins to determine the best candidate for future in vivo applications.  
 
7.2 Experimental Section 
7.2.1 Materials 
All chemicals for preparation of buffers were from Carl Roth (Karlsruhe, Germany) and used 
without further clean-up. Chemicals for SI-ATRP were from Sigma-Aldrich (Steinheim, 
Germany). No additional purification was applied. Nucleotide sugars were from Carbosynth 
(Berkshire, UK). FITC-labeled ECL was from VectorLabs (Burlingame, CA, US). All other 
origins of materials are stated within the text. 
 
7.2.2 Production of TcdA-R 
For expression of TcdA-R the amino acids 1833-2710 of TcdA bearing the receptor/lectin 
domain were reverse translated into DNA in silico, compared to reported sequences (Swiss. 
Prot.: P16154.2 GenBank:X51797.1) and the coding sequence was optimized for expression in 
E. coli.[1,2] The gene of 2631 bp with appropriate restriction sites (NcoI, NdeI and NotI) was 
synthesized by Genscript (Piscataway, NJ, USA) and provided in pUC57. After plasmid 
propagation in E. coli NEB Turbo (New England Biolabs, Frankfurt a. Main,Germany) the 
TcdA-R gene was cloned using NdeI and NotI into pET28a (Novagen, Schwalmbach, 
Germany), which was previously prepared to code an N-terminal eGFP-fusion. His6-eGFP-
TcdA-R was expressed in E. coli BL21(DE3) plysS (Novagen, Schwalmbach, Germany) in a 
1.5 L Minifors fermenter from Infors (Bottmingen, Switzerland). TB-Medium was used adding 
50 µg mL-1 kanamycin. Growth was carried out at 37°C with 1100 rpm and maximum aeration 
rate. By reaching the stationary phase the temperature was decreased to 20°C and the expression 
was induced by adding 0.1 mM IPTG, maintaining aeration and mixing for 24 h. Additionally, 
the cells were fed with 50°% glycerol in water at a flow rate of 0.1 mL min-1. Cells were 
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harvested by centrifugation, lysed via sonication and the protein of interest was purified using 
HisTrap HP columns with Aekta chromatographic systems (GE Healthcare, Solingen, 
Germany). The buffer was exchanged by dialysis to yield TcdA-R in PBS with 25 % (v/v) 
glycerol. The protein was stored at -20°C and used after dilution in PBS. 
 
7.2.3 Production of glycosyltransferases 
The utilized glycosyltransferases were expressed and purified as described elsewhere.[53] 
Briefly, β4GalT was expressed in E. coli Shuffle T7 Express (New England Biolabs, Frankfurt 
am Main, Germany) to enhance the activity, α3GalT was expressed in E. coli BL21(DE3) 
(Novagen, Schwalmbach, Germany). Purification was done by using HisTrap HP columns 
using Aekta systems (GE Healthcare, Solingen, Germany). β4GalT was applied directly after 
purification, α3GalT needed an exchange of buffer to 25 mM MES-NaOH pH 6.0.25 mM KCl 
via diafiltration or dialysis. Both enzymes were stored at 4°C. 
 
7.2.4 Synthesis of 1-allyl-N-acetylglucosamine 4 
The synthesis of 4 was carried out according to the procedure previously published.[54] During 
the modified Königs-Knorr reactions allyl-alcohol was used and attached to the chlorinated 
compound via its hydroxyl group. δH (400 MHz, DMSO-d6) 7.73 (1H, d, J 8.34, NH), 5.91–5.82 
(1H, m, CH C), 5.30 (1H, dd, J 1.71, 17.32, C CH2), 5.13 (1H, dd, J 1.71, 10.37, C CH2), 4.97 
(1H, d, J 6.09, OH-3), 4.69 (1H, d, J 5.54, OH-4), 4.66 (1H, d, J 4.45, H-1), 4.49 (1H, t, J 6.09, 
OH-6), 4.07 (1H, dd, J 5.24, 13.68, CH2-C C-), 3.90 (1H, dd, J 6.41, 13.68, CH2-C C-), 3.68–
3.60 (2H, m, H-2, H-4), 3.51–3.43 (2H, m, H-6a, H-6b), 3.38–3.34 (1H, m, H-5), 3.12 (1H, dt, 
J 6.09, 9.73, H-3), 1.82 (3H, s, COCH3)    
 
7.2.5 Glycosyltransferase reactions 
The reaction was generally performed as described elsewhere for β4GalT.[53] Briefly, 500 mg 
(1.91 mmol) of 4 was dissolved at a concentration of 5 mM in a solution containing final 
concentrations of 7.5 mM UDP-α-D-galactose, 25 mM HEPES-NaOH, pH=7.6, 2 mM MnCl2, 
5 U alkaline phosphatase (life technologies, Darmstadt, Germany) and 5 U β4GalT. The 
reaction was incubated at 30°C for 24 h – 48 h. As no residual substrate was detected anymore 
by RP-HPLC-MS the reaction was terminated by heating and the precipitated, denatured 
enzyme was filtered off. The product 1-allyl-LacNAc 5 was obtained after preparative HPLC 
and freeze-drying as white powder with a yield of 85 % (1.62 mmol, 687 mg). Analysis was 
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carried out by ESI-MS and NMR. Compound 5 was utilized as acceptor substrate for the second 
reaction with α3GalT. 500 mg (1.18 mmol) of 5 was dissolved in 25 mM MES-NaOH pH 6.0, 
25 mM KCl, 2 mM MnCl2, 7.5 mM UDP-α-D-Galactose, 5 U alkaline phosphatase and 5 U of 
α3GalT at a final concentration of 5 mM. The reactions were carried out at 30°C for 24 h – 
48 h. Analysis and purification of the Galili-structure 6 was carried out as described before. The 
product 6 was obtained after freeze-drying as off-white powder with a yield of 75 % 
(0.88 mmol, 513 mg).  
 
7.2.6 Synthesis of microgels 
The continuous phase A is prepared by the mixing of paraffin oil and n-hexane that is added to 
reduce the viscosity, in the ratio of 1:1. To this mixture is added as surfactant, 8 % (w/w) of 
SPAN 80 and the mixture is stirred vigorously for 10 min to achieve a homogeneous mixture. 
The discontinuous phase B is prepared by adding Ac-sPEG (10 % w/w) to deionised water and 
stirred vigorously for 10 min or until the solution process is completed. As the next step, 2-
hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (HEMP) (0.5 wt %) is added to the 
mixture and is also stirred vigorously for 10 min. At the point of addition, the solution must be 
protected from light to suppress an uncontrolled polymerization, as by wrapping the snap lid 
glass with aluminum foil. 
Both solutions A and B are placed into separated pressure vessels that are connected via tubing 
to the device to the appropriate inlets. With the aid of a microscope the cross section is observed 
and the pressure is adjusted so that droplets are formed by the ideal flow rates of A and B 
corresponding to the channel diameter. Through the outlet, connected with a tubing, the droplets 
are polymerized by passing an irradiation source with λ= 380 nm. The microgels are collected 
in a snap lid glass with B under continuous stirring. 
The clean-up procedure comprises in three steps. The collected emulsion is transferred into a 
tube. In the first step, the sample is washed by adding hexane and is subsequently centrifuged. 
The excess solvent is removed by the means of a pipette and the obtained microgels are re-
dispersed with hexane. This operation was repeated three times with hexane, isopropanol and 
deionized water. The purified microgels are stored at 8 °C. 
For glycofunctionalized microgels the sugar compound must be added to a mixture of B before 
adding the initiator. The weighed sugar is added under vigorous stirring to the solution until it 
has completely dissolved, which results in solution C. Following the initiator is added and the 
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solution is stirred for 10 min. The snap lid glass was covered with aluminum foil to prevent an 
uncontrolled polymerization. 
 
7.2.7 Diffusion experiments 
For diffusion experiments microgels were incubated in the dark with 20 µg mL-1 of proteins 
(eGFP, TcdA, ECL) in PBS. After 1 h the gels were centrifuged and the supernatant was 
removed. After that the gels were analyzed via confocal laser scanning microscopy. For 
qualitative determination of binding the same experiment was performed, but with washing of 
the gels after incubation with PBS containing 0.05 % Tween-20.  
 
7.2.8 Specific binding of proteins by microgels 
Binding studies were carried out in a well-plate format and for more sensitive and quantitative 
analysis FACS was applied. For the wellplate format a procedure basically as described for 
diffusion experiments was carried out with additional washing steps. After that, the gels were 
analyzed by fluorescence spectroscopy and the intensity of fluorescence provided by the bound 
and tagged proteins was recorded.  
 
7.3 Results and Discussion 
For the synthesis of glycan presenting microgels we first obtained a polymerizable allyl-
functionalized GlcNAc glycoconjugate 4 (Scheme 1). This compound was utilized as substrate 
for enzymatic cascade reactions with recombinant glycosyltransferases to overcome the 
drawback of multiple protection and deprotection steps during chemical oligosaccharide 
synthesis.   
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Scheme 1. Synthesis scheme for the chemical synthesis of GlcNAc-allyl (4) (yellow) and enzymatic 
synthesis utilizing recombinant glycosyltransferases to produce LacNAc (5) and the Galili-structure (6). 
The allyl-glycans 5 and 6 were produced in 500-mg scale at high yields and their molecular 
identity was confirmed by ESI-MS (5 [M-H]- = 422 m/z, 6 [M-H]- = 584 m/z) and NMR. The 
system of glycosyltransferases shows a wide tolerance for various modifications at the anomeric 
C-atom of GlcNAc and conversions of mostly 100 % were achieved in 24 h.[55, 56] For 
purification a preparative HPLC method was applied, which gave highest purity with an overall 
loss of product of about 20 %. The synthesis of microgels was carried out in a pressure driven 
device using a polydimethylsiloxane (PDMS) flow cell with channel diameters of 20 µm (see 
supporting information). For water in oil microfluidic emulsion polymerization we utilized 
allyl-glycan as co-monomer with star-shaped macromonomer, HEMP as initiator and SPAN 80 
as stabilizer of the emulsion. After droplet formation the gels were crosslinked by UV-light. 
This separation between polymer synthesis and gelation reaction allows optimal control of 
dispersity and crosslinking density.[57] To ensure high molecular weight in reasonable time, 
utilization of macromonomers is necessary. Acrylate terminated six arm star shaped PEG-based 
polymers derived from isothiocyanate precursors are used, due to the biocompatibility and anti-
fouling properties of star shaped PEG.[58, 59] A constant optimal flow rate for steady formation 
of single particles without aggregation was maintained by optical control. In this way we 
produced uniform monodisperse microgels with diameters from 10-50 µm depending on the 
particle formation rate. SEM images of the uniform gels are depicted in Figure 1. The allyl-
glycans were added at various ratios related to the macromonomer and were incorporated 
randomly during the polymerization process. This in situ bioconjugation has the advantage of 
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omitting the necessity of free functional groups and circumventing later coupling reactions. We 
assume a higher conjugation density for the in situ approach. In recent reports simple 
monosaccharides like mannose and charges have been conjugated post-synthesis to microgels 
for capturing bacteria from solution.[60] However, very few reports aim for the conjugation of 
oligosaccharides to polymeric scaffolds.[61] Incorporation of charge is more likely to achieve 
responsiveness or charge-mediated protein adhesion to the microgels.[62-64] As our platform 
should be used to capture toxin in the intestine, it is most unlikely that unspecific charge 
mediated interaction between microgels and toxin would take place, as the ionic-strength of the 
fluids in the intestine would hamper any of these effects. 
A 
 
B 
 
Figure 1. SEM micrographs of neutral microgels after synthesis. A) shows an overview, whereas B) is 
a close-up of the same sample. The scale bars represent 100 µm. 
To validate the incorporation and estimate the amount of incorporated glycan MAS-NMR was 
performed. The assigned glycan signals could be related after integration to the signals of the 
microgel backbone. We calculated that at a 4-fold molar excess of glycan per macromonomer 
at start of the synthesis leads to in final ratio of 1:1 in the microgel. (Figure 2) At equimolar 
ratios of glycan and p(EO-stat-PEO) we yielded final molar ratios of 0.5 glycan per monomer.  
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A 
 
B 
 
C 
 
 
Figure 2. MAS-NMR spectrums of A) GlcNAc-functionalized microgels, with annotation of the proton 
signals used for ratio determination: red boxes: GlcNAc-allyl specific signals, blue box: macromonomer 
specific signal. 1) multiplett at δ=4.2 ppm representing protons (7 in Figure 2 C) of the allyl-linker, 2) 
singlet at δ=1.9 ppm from the NHAc group, 3) multipletts at δ=4.6 ppm given by the EO-PEO backbone 
(1-4 Figure 2 B) of the macromonomer B) 1H-spectrum of macromonomer and C) 1H-spectrum of 
GlcNAc-allyl (4). 
An 8-fold molar excess leads to a 2:1 excess of sugar per macromonomer in the gel. To save 
glycan we decided not to increase the amount further but determine the impact of glycan 
incorporation on protein binding with various initial ratios up to an eight-fold molar excess of 
glycan. An increasing amount of glycan should enhance binding by means of a higher affinity 
due to a multivalent effect and more binding sites that may be occupied by toxins. Although 
various reports are available for incorporation of enzymes into gels, we aim for free unhindered 
diffusion of large toxins through the microgels for best binding and capturing properties.[65, 66] 
To exclude hindered diffusion into the gel mesh diffusion experiments with proteins of different 
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sizes were conducted. We observed that microgels which were crosslinked by UV light for 
different time periods variable crosslinking occurred leading to hindered diffusion into the gels 
for large proteins. (Figure 3 A) Furthermore, different gel species were present in the sample 
as some showed non-hindered diffusion and others were not entered by the proteins. Therefore, 
we changed the set-up and maintained an equal crosslinking time for all gels. This led to 
monodisperse particles with uniform crosslinking density, showing unhindered diffusion of 
proteins up to 129 kDa. (Figure 3 B)  
 
A         B 
 
Figure 3. Confocal laser scanning fluorescence micrographs for A) unoptimized UV-crosslinking time 
and B) optimized time course. The microgels were presenting Galili-structure and fluorescent TcdA-R 
was used. Scale bars represent: 50 µm 
Next, we performed binding studies with the plant lectin ECL and TcdA-R to microgels 
containing the glycan structures 4, 5 and 6, respectively. In a first approach we recorded 
fluorescence signals in a wellplate format and found indeed glycan-based specific recognition 
and binding of ECL to 5 (see supporting information). However, this method was rather sample 
consuming and of low sensitivity. To overcome this, and also quantify binding events by 
knowing the exact amount of measured microgels we utilized FACS for binding analysis. As 
the microgels have similar sizes as cells, counting and measuring the fluorescence intensity 
particle per particle is feasible. Furthermore, as FACS is a single particle detection method, the 
sensitivity is drastically increased compared to the simple wellplate format. 
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 A                       B                                   C                      D 
 
Figure 4.FACS-plots for lectin binding to glycofunctionalized microgels. A) neutral microgels, B) 
GlcNAc (4) microgels, C) LacNAc (5) microgels, D) Galili (6) microgels. Black: PBS, light blue: ECL, 
green: TcdA-R, violet: eGFP 
In Figure 4 FACS-plots of different proteins binding to microgels loaded with no sugar 
(neutral), loaded with 4 or 5 and loaded with galili-structure are shown. As controls we chose 
PBS to determine autofluorescence and eGFP, which is highly fluorescent, but should not 
interact with the gels. In the FACS-plots a clear shift in fluorescence intensity is monitored for 
ECL binding to 5 and TcdA-R binding to 6. In contrast, no fluorescence shift is recorded for 
binding to neutral microgels or lectin binding to microgels presenting the non-specific ligand. 
To quantify the shift in fluorescence intensity the FACS-plots were converted to the diagram 
shown in Figure 5 A.  
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Figure 5. Mean fluorescence intensity (MFI) for A) varying glycans and B) variation of the lectin 
concentration and amount of incorporated sugars. For read-out the same numbers of gel particles were 
investigated. 
The diagram indicates a drastic increase of binding signal as soon as the appropriate ligand is 
present. ECL shows generally a very high binding signal, whereas TcdA-R offers a lower yet 
significant signal with Galili-structure. This relies on the fact, that the Galili-structure is 
probably not the high-affinity glycan structure acting as ligand for TcdA on human intestinal 
cells. The Galili-epitope is not present in humans but was found to be a good ligand in glycan 
microarray studies and comprises rather easy synthetic accessibility.[19, 24] (CFG dataset: 
primscreen_1591). Promiscuous ligand affinity may decrease the overall affinity. Binding of 
TcdA was also found for various human milkoligosaccharides with low affinity. [67] Fucose 
residues seem to enhance binding to some extent and so far these oligosaccharides have not 
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been evaluated in multivalent environments. Recently it has been stated, that a secondary 
binding pocket adjacent to the CRDs is present on TcdA and TcdB which shows affinity 
towards hydrophobic residues.[68] This leads to the assumption that amphiphilic molecules 
consisting of a polar glycan part and an apolar part may be another way of increasing affinity 
and specificity for a certain ligand. Together with the large number of CRDs multivalent ligand 
presentation seems especially for TcdA crucial to enhance binding avidity. For highest avidity 
all of the seven CRDs should be occupied, which is unlikely in the dynamic state of the 
microgels. Nevertheless, the multivalent presentation mode within the dynamic gel is crucial as 
TcdA-R binding is reduced by lower amounts of incorporated galili-structure. (Figure 5 B) The 
highest signal is reached with an initial 8-fold excess of glycan over the macromonomer at high 
concentration of TcdA-R. Some unspecific binding is also observed as all lectins bind 
somewhat to neutral microgels. But taking the high sensitivity of the FACS-based approach 
into account, this can be neglected. As the unspecific binding remains very low, glycan specific 
biomolecular interactions and selectivity is clearly proven. During infection TcdA 
concentrations in the nM range are found in mice stool. In this concentration range (30 nM) 
specific glycan mediated binding of TcdA-R is five-times higher, than unspecific binding to 
neutral microgels. Interestingly, eGFP shows even at µM concentrations almost no signal with 
neutral microgels indicating either a TcdA-R mediated adhesion to the gel or some protein size 
related effects as the larger TcdA-R may be trapped inside the gel once it has entered the 
particle. Our results so far encourage the use of glycofunctionalized microgels for in vitro 
studies to scavenge full-length TcdA in cell assays. As TcdA is cytotoxic the reduction of the 
toxicity by microgels loaded with Galili-structure should be quantified to evaluate the potency 
of our microgel approach. Furthermore, as the utilized microgels are shown to have no toxic 
effects by themselves in vivo studies with rodents should be considered in the future to prove 
the ability of glyco-microgels as drugs.  
So far, most systems addressing CDAD are based on antimicrobial agents, like metronidazole, 
directly as well as binding its toxins via antibodies or reconstitution of the colonic microflora 
by Saccharomyces boulardii.[69] Recently, some reports have been published considering the 
use of glycan-based drugs to inhibit the actions of toxin.[23, 70] They are also mostly based on 
presentation of Galili- or Galili-like structures. However, it remains challenging to determine 
the best scaffold for glycan presentation. Synsorb based scaffolds failed in clinical trials 
presumably due to the hampered diffusion into the mucus and because only attraction of TcdA 
is found, but not of TcdB. Therefore, the next step for our approach would be the screening for 
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a suitable TcdB ligand and conjugation of it to our system. Interestingly, multivalent glycan-
based scaffolds have been reported as promising scavenger (STARFISH) for shiga-like 
toxins.[71] In vivo use of STARFISH remains challenging as multiple hydrolysable groups are 
presents, yet this is an outstanding example of glyco-based drug approaches facing bacterial 
toxins. In summary, our microgels are very promising scaffolds due to their tunable size, which 
allows mucus penetration, as well as the multivalent yet flexible presentation mode of ligands 
and their biocompatibility. Together with the possibility of encapsulation which maintains the 
integrity of the gel and its ligands this is an encouraging novel scaffold for targeting various 
bacterial enterotoxins interacting with specific (sugar)-ligands.   
 
7.4 Conclusion 
We here present a biocompatible microgel based platform for the presentation of glycans in a 
multivalent matter. The tight control of synthesis yielded various microgel species loaded with 
different glycans acting as ligands for lectins and the lectin domain of TcdA. FACS analysis of 
the microgels proved excellent specificity of protein-gel interaction with high sensitivity of the 
analysis method as single microgels may be observed. Large proteins up to 120 kDa could enter 
the gel and lectins were captured by multivalent protein-glycan interactions. As antimicrobial 
therapy suffers from altered immune state and the rise of resistant strains, our approach may be 
an alternative way of treating CDAD by interfering not with intestinal flora, but with the actions 
of the toxins directly. The synthesized microgels are highly biocompatible and application of 
them for a significant reduction of the toxin concentration in the intestine will be tested in vivo. 
Moreover, the microgels proved to exhibit good anti-fouling properties as no binding signal 
with eGFP was monitored. Additional chemical modifications to surpass the acidic 
environment of the stomach will be necessary. The variability of our microgels lays in the 
alteration of glycans presenting different epitopes for specific binding of other enterotoxins or 
pathogens. In this way highly affine microgels for various capturing purposes are easily 
achievable.  
 
7.5 Contributions 
N.A. performed chemical synthesis of allylic-glycans and the microgel syntheses. R.R.R. 
performed cloning and production of TcdA-R and the glycosyltransferases as well as the 
enzymatic synthesis and analysis of the glycans. N.A. performed characterization of the 
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mcirogels. R.R.R. and N.A. performed diffusion experiments. R.R.R. performed wellplate 
based binding studies. A.M. performed FACS experiments.  
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Supporting Information for Chapter 2: Glycopolymer Brushes for 
Specific Lectin Binding by Controlled Multivalent Presentation of 
N-acetyllactosamine Glycan Oligomers 
 
Parts of this chapter were published in: H. Park, R. R. Rosencrantz, L. Elling, A. Böker, 
Macromolecular Rapid Communications 2015, 36, 45-54. 
 
NMR spectra of 2,3,4,6-α-D-tetraacetylglucosamine chloride (2): 1H NMR (400 MHz, CDCl3, 
δ): 6.2 (s, 1H; H1), 5.9 (d, J = 8 Hz, 1H; NH), 5.35 (t, J = 10 Hz, 1H; H3), 5.2 (t, J = 10 Hz, 1H; 
H4), 4.67-4.39 (m, 1H; H2), 4.39-4.20 (m, 2H; H5 and H6), 4.16 (d, J = 11 Hz, 1H; H6), 2.19 
(s, 3H; COCH3), 2.06 (s, 6H; COCH3), 1.9 (s, 3H; NHCH3); 13C NMR (100 MHz, CDCl3, 
δ): 170.05-167.89 (4C; COCH3), 92.5 (C1), 69.6 (C5), 68.8 (C3), 65.9 (C4), 59.9 (C6), 52.1 
(C2), 21.7 (NHCH3), 19.3 (3C; COCH3).  
 
NMR spectra of  2-O-(2,3,4,6-β-D-tetraacetylglucosamine)ethyl methacrylate (3): 1H NMR 
(400 MHz, CDCl3, δ): 6.13 (s, 1H; C=CH2), 5.8 (d, J = 72 Hz, 1H; NH), 5.60 (s, 1H; C=CH2), 
5.30 (t, J = 76 Hz, 1H; H3), 5.08 (t, J = 80 Hz, 1H; H4), 4.78 (d, J = 8.2 Hz, 1H; H1), 4.48-3.98 
(m, 1H; CH2OCO), 4.25 (dd, J = 8.2 and 20.4 Hz, 2H; H6a, CH2OCO), 4.13 (d, J = 11.9 Hz, 
1H; H6b), 4.09-3.98 (m, 1H; H5), 3.87 (dd, J = 7.3 and 16.3 Hz, 2H; OCH2), 3.73 (d, J = 7.1 
Hz, 1H; H2), 2.09-2.03 (m, 9H; COCH3), 1.95 (s, 3H; NHCH3), 1.92 (s, 3H; CCH3); 13C 
NMR (100 MHz, CDCl3, δ): 170.7-170.2 (3C; COCH3), 169.3 (NHCH3), 167.2 (C9), 136.0 
(C11), 125.9 (C10), 100.0 (C1), 72.3 (C3), 71.8 (C5), 68.5 (C4), 66.9 (C7), 63.0 (C6), 62.0 
(C2), 54.4 (C8), 23.2 (CH3NH), 20.7-20.3 (3C; COCH3), 18.2 (C12). 
 
NMR spectra of  2-O-(N-acetyl-β-D-glucosamine)ethyl methacrylate (GlcNAcEMA; 4): 1H 
NMR (400 MHz, D2O, δ): 6.15 (s, 1H; C=CH2), 5.74 (d, 1H; C=CH2), 5.15 (d, J = 3.38 Hz, 
1H; H1), 4.56 (d, J = 8.5 Hz, 2H; CH2OCO), 4.46-4.22 (m, 1H; OCH2), 4.22-4.04 (m, 2H; 
OCH2, H6), 4.04-3.81 (m, 2H; H6, H2), 3.81-3.60 (m, 1H; H5), 3.61-3.33 (m, 2H; H3, H4), 
2.06 (s, 3H; HCOCH3), 1.92 (s, 3H; CCH3); 13C NMR (100 MHz, D2O, δ): 174.6 (NHCH3), 
169.5 (C9), 135.7 (C11), 127.1 (C10), 101.1 (C1), 75.8 (C3), 73.8 (C5), 69.9 (C4), 67.7 (C7), 
64.0 (C6), 60.6 (C2), 55.5 (C8), 22.1 (CH3NH), 17.4 (C12). 
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Figure S1. Dependence of molecular weight and polydispersity on polymerization time. ATRP of 
soluble free GlcNAcEMA 4 glycomonomer in 1/1 (v/v) water/methanol mixture. Polymerization 
condition: [m]/[CuCl]/[CuBr2]/[bpy] = 50/4/1/10 mol, soluble free initiator: ethyl α-bromoisobutyrate 
was used.  
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Figure S2. Refractive index responses on variable polymerization time for PGlcNAcEMA 5. 
 
Figure S3. Results of the water contact angle measurements of initiator modified silicon wafer and 
PGlcNAcEMA 5 and PHEMA grafted wafers (after 1h and 24h reaction time). 
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Figure S4. Tapping Mode AFM; (A) height and (B) phase image of PGlcNAcEMA 5 brushes prepared 
in methanol/water = 1/1 (v/v), 24 h polymerization time. 
 
 
 
Figure S5. Micrographs of FESEM of PGlcNAcEMA 5 brushes prepared in methanol/water = 1/1 (v/v) 
for (A) 10 min, (B) 2 h, and (C) 24 h polymerization time. 
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Figure S6. Investigation of the kinetic parameters of β1,4GalT-1 with 4 by appropriate photometric 
assays in solution. 
 
Figure S7. Binding of GS-II, ECL and BS-FITC to brushes consisting of 5a or PHEMA. Note, that 
there is almost no unspecific adhesion of the proteins to the polymer. 
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Supporting Information for Chapter 3: Evaluating the Thickness 
of Multivalent Glycopolymer Brushes for Lectin Binding  
 
Parts of this chapter were published in: J. Lazar, H. Park, R. R. Rosencrantz, A. Böker, 
L. Elling, U. Schnakenberg, Macromolecular Rapid Communications 2015, DOI: 
10.1002/marc.201500118 
 
Chip Fabrication 
First, nLOF 2035 negative photoresist (microresist technology, Berlin, Germany) was spin-
coated and photolithographically structured on thermally oxidized 100 mm silicon wafers. After 
sputtering of a 20 nm thick titanium adhesion layer followed by a 200 nm thick gold layer these 
layers were structured using a lift-off process yielding the interdigital electrodes. 
To realize the microfluidic channel SU8 photoresist (microresist technology GmbH, Berlin, 
Deutschland) was spun on silicon wafers and photolithographically structured. The microfluidic 
chips were diced out. A polydimethylsiloxane (PDMS, Wacker Chemie AG, München, 
Germany) lids with inlet and outlet openings were bonded to the 2.5 mm wide and of 25 µm 
thick microfluidic channel. A ready-to-use chip is shown in Figure S1A. 
 
Measurement setup 
The measurement setup is schematically shown in Figure 1 bottom and the realized version in 
Figure S1 (B). The pivotal component is the microfluidic chip connected by spring-loaded 
contacts to a custom-made multiplexer. The multiplexer was realized on a PCB using relays 
(OMRON G&K-2P, OMRON, Japan). The PCB was fixed in a custom-made PMMA carrier. 
Syringe pumps (LA-100, Landgraaf Laborsysteme HLL GmbH, Langenhagen, Germany) in 
combination with a custom-made PDMS based microfluidic distribution array and flexible 
Teflon tubes were used for supplying the fluids. Microfluidic experiments were carried out 
using flow rate of 0.5 ml h-1.   
The gold electrodes were connected to a Solartron 1260A impedance analyzer (Ametek, 
Farnborough, United Kingdom) in a combination with a front end EG&G potentiostat 
(Princeton Applied Research, Oak Ridge, TN, USA ). The measured spectrum was obtained 
between 10 Hz and 200 kHz using 10 mV AC signal. The phase represents the capacitive 
character of the sensor surface with non-significant fluctuations over time (see Figure S4). 
Impedance measurements were carried-out in a Kelvin measurement mode to minimize the 
parasitic effects. The data were read out to a PC by Z-Plot (Scribner Software, Farnborough, 
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Great Britain) and further processed by home-made Python control program for continuous 
signal monitoring. Labview Software NI-6021 USB card (National Instruments, Austin, TX, 
USA) and a simple current amplifying circuit were implied to switch between desired electrode 
pairs and to manage the syringe pumps.  
 
A) 
 
B) 
 
Figure S1. (A) Microfluidic chip with six interdigital electrode sensor elements in two microfluidic 
channels. (B) Figure of the realized measurement setup. Solartron SI 1260A impedance analyzer in 
combination with EG&G 263 potentiostat were used to obtain electrical impedance spectroscopy signal. 
Data processing on a PC extracted the equivalent circuit parameters. 
 
Reagents 
All reagents are analytical grade unless stated otherwise. Nanopure water was used for 
preparation of all aqueous solutions described in this paper. 
 
Biosensor Treatment (PGlcNAcEMA SI-ATRP) 
All chemicals were from Sigma-Aldrich, Steinheim, Germany and used without any further 
processing. 
Chips containing six gold electrodes were purified sequentially in acetone, isopropanol, 
ethanol, and water. Then, the chips were cleaned by plasma treatment at 0.2 mbar for 5 min. 
Self-assembled initiator monolayers were formed on the gold surfaces by immersion of the 
freshly prepared chips into 2 mM solutions of bis[2-(2′-bromoisobutyryloxy)ethyl]disulfide 
using ethanol as solvent at room temperature. After initiator modification of the gold surfaces, 
the chips were rinsed with ethanol and then dried under a stream of nitrogen. PGlcNAcEMA 
brushes were prepared by SI-ATRP technique. A representative example was as follows: the 
initiator-modified chip was placed on the holder of the reactor and then the reactor was purged 
with nitrogen. 1.28 g (3.84 mmol) GlcNAcEMA was placed into a reaction flask and stirred in 
12 ml water/methanol = 1/3 (v/v) until the complete dissolution. The solution was stirred under 
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nitrogen for 20 min. Then, 120.04 mg (0.77 mmol) 2,2’-bipyridine, 30.44 mg (0.31 mmol) 
copper(I) chloride, and 17.17 mg (0.08 mmol) copper(II) bromide were added and stirred until 
a homogeneous dark brown solution formed. The reactor was degassed with nitrogen by stirring 
for 20 min. The reaction mixture was transferred into the flask containing the chip. The 
polymerization proceeded at room temperature for 10 or 120 minutes, respectively. Then, the 
chip was thoroughly rinsed with water and water/methanol mixture and dried under the nitrogen 
stream. Last, the chip was stored in ethanol for the transport to the corporation partner. 
 
AFM evaluation of polymer brushes 
Two polymerization times were evaluated by AFM measurements. The 3D measurement results 
are presented in Figure S2. 
 
A) 
 
B) 
 
Figure S2. AFM pictures (3µm by 3 µm) of dried polymer brushes. (A) 10 minutes polymerization, 
shorter brushes with an average length of 0.5 nm. (B) 120 polymerization, longer brushes with an 
average length of 3.45 nm. 
AFM measurement results clearly show the difference in polymerization between the two 
probes. 10 minutes polymerization time in Figure S2A shows dense formation of polymer 
brushes with an average length of 0.5 nm. 120 minutes polymerization time in Figure S2B 
shows also the dense polymer brushes in the region close to the surface, but in addition also 
longer polymer brushes with an average length of 3.45 nm. The calculated roughness of the 
surface presenting shorter brushes is 0.243 ± 0.018 nm, whereas the roughness increases to 
0.387 nm ± 0.016 nm with longer brushes. However, the polymerization process generally 
decreases the roughness compared to a plain gold surface which is about 1.672 ± 0.231 nm. 
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Data processing 
The kinetic parameters were evaluated with help of InPrism GraphPad non-linear regression 
software (GraphPad Software, Inc., 7825 Fay Avenue, Suite 230, La Jolla, CA 92037 USA). 
Following structural model in Figure S3 was applied for description of impedance signal quality  
 
 
 
Figure S3. Schematic overview of the properties of two lengths of polymer brushes with impedance 
signals at different frequencies for the lectin GS-II binding. Longer polymer brushes (120 minutes 
polymerization) with “mushroom” structures are shown on the left side and shorter polymer brushes (10 
minutes polymerization) are shown on the right side. In the middle, typical impedance signals over time 
are schematically shown for three frequencies corresponding to three brush sub-layers. Explanations are 
given in the text. 
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An example of typical impedance signal is shown in Figure S4. 
 
A) 
 
B) 
 
 
Figure S4. Impedance signals of a lectin assay on longer brushes (120 minutes polymerization). (A) 
Impedance amplitude at frequencies between 10 Hz and 200 kHz. Three regions are marked. From the 
left: 1. Buffer application till stable signal occurs. 2. Lectin application with a typical binding curve 
showing its association kinetics. 3. Purge of buffer solution and dissociation of lectin from the polymer 
brushes. (B) Impedance phase signal. The phase represents the capacitive character of the sensor surface 
with non-significant fluctuations over time. 
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Supporting Information for Chapter 5: Micelles from self-
assembled Double-Hydrophilic PHEMA-Glycopolymer-Diblock 
Copolymers as multivalent Scaffolds for Lectin Binding 
 
Parts of this chapter are considered for publication in: H. Park, S. Walta, R. R. Rosencrantz, 
L. Elling, W. Richtering, A. Böker, Polymer Chemistry, in revision. 
 
Materials 
All chemicals were purchased from Sigma Aldrich and used without further purifications unless 
stated otherwise. 
 
Preparation of PHEMA-b-PGlcNAcEMA 
 
 
Figure S1. MALDI-Spectra of PHEMA-b-PGlcNAcEMA glycopolymers. 
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Figure S2. FESEM micrographs of PHEMA-b-PGlcNAcEMA glycopolymers. 
 
 
Figure S3. AFM height (top) and phase (bottom) images of PHEMA-b-PGlcNAcEMA glycopolymers 
before (a,c) and after (b,d) GS-II addition. 
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Protein treatment 
Figure S4 shows a chromatogram of the purification. The absorption at 280 nm as well as the 
conductivity is recorded. 
 
Figure S4. Chromatogram of SEC for purification of FITC-GS-II. The blue curve shows the absorption 
at 280 nm, the red curve monitors the conductivity. The large peak represents the FITC-GS-II conjugate 
followed by a small peak and a drop of conductivity caused by the free dye.  
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CMC determination 
Figure S5 depicts the results for some measured concentrations of block copolymer.  
 
Figure S5. Absorption spectra of various diblock glycopolymer in a solution containing 5 mg mL-1 
BZA. Note the decrease of the absorption band at 315 nm with decreasing concentrations of polymer. 
This indicates a hydrophobic surrounding at higher polymer concentrations due to formation of micelles. 
At lower concentration of polymer micelles are not formed therefore the ketonic form with its absorption 
band at 250 nm is more pronounced. Below concentrations of 0.4 mg mL-1 of polymer there are now 
more spectral changes observed, resulting in a CMC in this range. 
 
Two-focus fluorescence correlation spectroscopy (2fFCS) 
Figure S6 presents the unnormalized ACFs and CCFs plotted against the lag time for GS-II in 
aqueous buffer solution (LB). Because a one-component model did not fit the data sufficiently 
well, residual FITC (not chemically attached to GS-II) was considered as second component 
for fitting. For better accuracy a diffusion coefficient of 𝐷 = 4.26 ∙ 10−6 cm2/s (measured for 
fluorescein in LB) was used as fixed bound. The fraction of free dye was reduced from more 
than 50 percent to approx. 30 percent via SEC. The diffusion coefficient of GS-II was 
determined to 𝐷 = (0.349 ± 0.004) ∙ 10−6 cm2/s, corresponding to a hydrodynamic radius of 
𝑅ℎ = 6.8 ± 0.1 nm. Figure S7 shows the unnormalized ACFs and CCFs plotted against the lag 
time for GS-II after addition of PHEMA-b-PGlcNAcEMA. The diffusion coefficient of GS-II 
decreased to 𝐷 = (0.154 ± 0.002) ∙ 10−6 cm2/s, corresponding to a hydrodynamic radius of 
𝑅ℎ = 15.4 ± 0.2 nm. An additional (significant) fraction of unbound GS-II was considered by 
performing a two-component fit with unbound GS-II as second component and a three-
component fit with unbound GS-II and residual FITC as further components, respectively. But 
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it was not possible to apply these fits to the data successfully. When the two-component model 
was used, the fraction of free dye does not change, so that it can be assumed that little or no 
unbound GS-II remained.  
Figure S8 presents the unnormalized ACFs and CCFs plotted against the lag time for BSA in 
aqueous buffer solution (LB). The data were fitted with a one-component model including 
triplet blinking. A corresponding triplet relaxation time of 8 µs was obtained. Furthermore the 
fits result in a diffusion coefficient of 𝐷 = (0.601 ± 0.010) ∙  10−6 cm2/s. Figure S9 shows the 
unnormalized ACFs and CCFs plotted against the lag time for BSA after addition of PHEMA-
b-PGlcNAcEMA. Again the data were fitted with a one-component model including triplet 
blinking. The triplet relaxation time did not change and the diffusion coefficient only displayed 
an insignificant decrease to 𝐷 = (0.588 ± 0.007) ∙ 10−6 cm2/s.  
 
 
Figure S6. Autocorrelation (blue, red) and cross-correlation curves (green, yellow) for GS-II diffusion 
in aqueous buffer solution. Solid lines are fits to the data (circles, triangles). 
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Figure S7. Autocorrelation (blue, red) and cross-correlation curves (green, yellow) for GS-II diffusion 
after addition PHEMA-b-PGlcNAcEMA in aqueous buffer solution. Solid lines are fits to the data 
(circles, triangles). 
 
Figure S8. Autocorrelation (blue, red) and cross-correlation curves (green, yellow) for BSA diffusion 
in aqueous buffer solution. Solid lines are fits to the data (circles, triangles). 
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Figure S9. Autocorrelation (blue, red) and cross-correlation curves (green, yellow) for BSA diffusion 
after addition PHEMA-b-PGlcNAcEMA in aqueous buffer solution. Solid lines are fits to the data 
(circles, triangles). 
 
166 
 
  
 
167 
 
Supporting Information for Chapter 6: How to control 
multivalency? - Gradient glycopolymer brushes for mapping the 
optimal lectin binding environment 
 
This chapter is considered for publication: R. R. Rosencrantz, H. Park, F. Roghmans, N. 
Bornwasser, A. Böker, L. Elling, Macromolecular Rapid Communications, in preparation. 
 
Materials 
All chemicals were purchased from Sigma Aldrich and used without further purifications unless 
stated otherwise. 
 
 
 
Figure S1. Fluorescence images with GS-II and ECL with half-galactosylated gradient wafers at 
different positions of the gradient. The images prove not only an more intense signal with increasing 
brush length, but also highly specific glycan recognition, as GS-II binds only to the GlcNAc side and 
ECL only to the respective LacNAc side of the wafer. 
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Binding maps of GS-II, ECL, WGA and Gal-3 on glycans 5-5e 
 
Figure S2. Binding maps of GS-II on glycans 5-5e measured by spatial resolved fluorometry. The data 
was smoothed by interpolation to 22x22 data points from measured 11x11 points. The x-axis represents 
the wafer side perpendicular to the gradient, the y-axis depicts the actual gradient and therefore the brush 
length and the z-axis gives the fluorescence intensity at a given point.  
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Figure S3. Binding maps of ECL on glycans 5-5e measured by spatial resolved fluorometry. The data 
was smoothed by interpolation to 22x22 data points from measured 11x11 points. The x-axis represents 
the wafer side perpendicular to the gradient, the y-axis depicts the actual gradient and therefore the brush 
length and the z-axis gives the fluorescence intensity at a given point.  
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Figure S4. Binding maps of WGA on glycans 5-5e measured by spatial resolved fluorometry. The data 
was smoothed by interpolation to 22x22 data points from measured 11x11 points. The x-axis represents 
the wafer side perpendicular to the gradient, the y-axis depicts the actual gradient and therefore the brush 
length and the z-axis gives the fluorescence intensity at a given point.  
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Figure S5. Binding maps of Gal-3 on glycans 5-5e measured by spatial resolved fluorometry. The data 
was smoothed by interpolation to 22x22 data points from measured 11x11 points. The x-axis represents 
the wafer side perpendicular to the gradient, the y-axis depicts the actual gradient and therefore the brush 
length and the z-axis gives the fluorescence intensity at a given point.  
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Supporting Information for Chapter 7: Glycofunctionalized 
microgels for scavenging Clostridium difficile toxin A 
 
This chapter is considered for publication by: R. Rosencrantz, N. Anwar, A. Manic, M. Möller, 
C. Trautwein, G. Sellge, A. J. C. Kuehne, L. Elling 
 
Structure of TcdA 
 
 
Figure S1. The structure of TcdA: glucosyltransferase domain (red), the autoprotease (blue), the 
transmembrane domain (yellow), and the receptor binding domain (green). Right: Known crystal 
strcutures of TcdA.[1] 
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Microfluidic device 
A         B 
 
Figure S2. Microfluidic PDMS device for preparation of microgels. (A) overview (B) microscopic 
image of the channels. 
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Wellplate format binding assay 
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Figure S3. Fluorescence binding signals to microgels in a wellplate assay. N: neutral microgels, without 
glycan, GlcNAc: GlcNAc presenting microgels, LacNAc: LacNAc presenting microgels. All gels were 
incubated with GS-II, ECl and TcdA-R.  
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